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EXECUTIVE SUMMARY

A. Objective

The objectives of this research effort were to (1) develop a procedure for designing
prefabricated roof elements for a rapidly erectable hardened shelter, (2) evaluate five structural
concepts to select the most prmising, and (3) pr tally validate the design procedure
methods, assumptions, and estimates of stregth, s and ductility via static load tests on
prototype beams.

B. Background

The Air Force requires a variety of protective structures to protect against the airblast,
ground shock, fragmation, and cmting effects of incrcuingly accurate and destructive
conventional nons. Required characterstics of many of these new generation shelters
include rapid construction with reduced dependence on skilled lalhr, high levels of protection
from advanced weapons, and c One concept under development consists of an
earth-covered snelter constructed with reinforced soil wails and prefabricated roof elements.

C. Scope

The study developed and validated a design procedure for precast roof elements of the
modular hardened shelter.

D. Methodology

The design procedure developed represents a synthesis of existing analysis and design
methodologies described in textbooks, technical manuals, journals and concrete and steel codes.
A literature survey supplemented current knowledge and identified key areas for investigation, as
described in Section 2 of this report. Recommendations from the literature regarding appropriate
performance criteria, i.e., ductility factors and support rotation, and appropriate measures of
beam stiffness were considered. The general level of threat, shelter widths, and maximum
allowable beam weight were also defined for concept evaluation.

The design procedure and its basis are described in Section 3, with actual formulae for
each concept and design mode presented in detail in Appendix A. The dynamic response of the
roof beam was determined using an equivalent single degree-of-freedom (SDOF) system, which
requires only moderate computational effort and provides sufficient accuracy for this type of
system. Additional design details are identified that must be adequately addressed to ensure that
the beam can develop its intended flexural strength and ductility. The design procedure is
explained and detailed for the five structural concepts considered herein.

Portions of the design procedure were validated by comparison of the static resistance
function using the simple procedure with the results of detailed nonlinear finite-element analyses
for the initial three structural concepts.

Fiber-reinforced composite beams, including an in-house WL/FIVCS research program to
reinforce concrete beams using sheets of carbon-fiber reinforced plastic (CFRP), were

1



investigated for this application. Pultruded fiberglass beams were also investigated to determine
their applicability for the roof elements. Conceptual designs for CFRP reinforced concrete
beams and pultruded fiberglass beams to withstand conventional weapons effects were developed
and evaluated.

An evaluation of the reinforced concrete, prestiessed concrete, and composite steel-
covcrete concept based only on estimated fabrication cost indicated that the steel-concrete
composite was the most promising candidate for the roof beams. Subjective evaluation of all five
concepts, including fiber-reinforced composites and pultruded fiberglass, used a more extensive
set of evaluation criteria reflecting cost, weight, handling, storage, erection and confidence mid
indicated that the steel-concrete composite concept was most promi-ing.

The utility and effiviency of the steel-concrete composite concept was further
investigated by consideration of the effects of confinement of the concrete in the top flange slab.
The beneficial effects of concrete confinement include a marked increase in strength and ductility.
The analytical investigatiors of this enhancing technology indicated potential benefits worthy of
further consideration. In fact, the steel-concrete composite with concrete confinement was
selected fur experimental verification by a prototype test program.

E. Test Description

A prototype test program was developed to provide experimental validation of the steel-
confined-concrete composite concept in terms of strength, ductility, and constructability.
Specifically, the static flexural resistance function developed analytically using the design
procedure relies on full development of theoretical strength and reliability of this strength over a
wide range of ductility, a factor yet unproven by experimental verification. In addition to
validation of the static resistance function, the overall design procedure was partially validated
via prototype testing. Specifically, the non-flexure-related resistance of the concept, including
shear and bearing, were verified through the tests.

Prototype steel-confined concrete composite beams were designed using the procedure
developed herein. Four beams were tested at the Structures Laboratory, U.S. Army Waterways
Experiment Station (WES) in Vicksburg, MS. The prototype test beams were fabricated using
standard cos crete, reinforcing steel, and plate steel. Standard welds and Nelson shear studs
(ASTM A108) weit specified. Each beam was ir:,trumentd with strain and displacement gages.

F. Results

The resuls of the four prototype beam tests were encouraging. Most imipoiantly, the
overall performance of the test specimens met and exceeded expectations as to strength,
stiffness, and ductility. Secondly, the test procedures and execution satisfied their intended
purpose. All four of the test speciaens exhibited considerable ductility, far beyond that observed
and calculated for beams without significant confining steel in the concrete. It is important to
note that none of the t-.sts were stopped due to imminent or actual failure, but rather due to the
loss of rattle space between the beam and the floor or spreader beam. The test program
provided (i) a proof-of-roncept for the confined concrete-steel composite beam and (2) a
baseline to measure the acG.uamcy and appropriateness of the analytical models and methods of
this work.
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G. Conclusion

A simple design procedure for precast roof elements was developed and validated by
detailed analytical methods and prototype testing. An efficient, prefabricated, structural roof
beam was aisfacmrly developed that met the logistical and weapons effects criteria established
for this project. This steel-concrete composite beam will permit beams with high strength t:
weight ratio to be designed and constructed using conventional concrete and steel materials,
satisfying the desired objectives of this research program.

H. Recommendations

The design procedure and concept evaluation should be further validated as part of a
complete program for full-scale field testing of a family of hardened shelters. The design
procedure should be implemented in a computer application for design use. In particular, the
design procedure should be adopted for use in design of modular, rapidly-erectable hardened
shelters.

L Application

The design procedure can be direcdy applied to design hardened shelter roofs and to
evaluate sholter roof concepts for a wide range of weapon threats and shelter geometries.

J. Benefits

The design procedure and the concept evaluations provide, in a concise and rational
format, a practical tooi and valuable guidance for design of hardened shelter roofs.

K Transferability of Technology

Contractors for DOD projects requiring blast-resistant design of shelter roofs can directly
apply the procedures and guidance herein. Civilian projects requiring hardened roofs can also
derive design guidance from this study.

3



SECTION 1. INTRODUCTION

A. BACKGROUND

The Air Force requires a variety of protective structures to accomplish its strategic and

tactical missions. These facilities, for example, include aircraft shelters, coinmand centers,

critical maintenance facilities, and munitions storage. The structures must protect against the

airblast, ground shock, fragmentaton, and cratering effects of increasingly accurate and

destructive conventional munllons. In many applications, such structures must be rapidly

erectable. In all cases, the cost of these facilities should be minimized consistent with the

pcrformance constraints and, where possible, made of lightweight elements that can be handled
easily. In an era of reduced budgets and manpower limitations, the importance of cost effective

and efficient structural systems is obvious.

Lapid and unpredictable changes in the scale and geographic diversity of future military
involvement requires a new approach to construction of hardened shelters. A high probability

exists for operating from forward "bases" which have not previously been used for military

purposes, or from rapidly constructed bare bases. It is likely that no hardened shelters will exist

beforehand to house aircraft, personnel, and munitions. Therefore, it may be necessary to

construct hardened shelters using troop units and equipment already in place or easily obtained/
deployed. Required characteristics of these new generation shelters include rapid construction
with reduced dependence on labor, high levels of protection from advanced weapons, and

concealment. One concept under development consists of an earth-covered shelter constructed

with reinforced soil walls and prefabricated roof elements, shown in Figure 1.

The shelter consists of reinforced earthen walls lined with contiguous interlocking

modular wall panels that circumscribe the protected space. The structural roof consists of
prefabricated beams with an integral slab, placed adjacent to one another on top of the modular

wall and part of the soil wall to form a continuous hardened roof. The structure will be covered
with soil and may have a burster slab and possibly projectile deflection layers of rock rubble or a
concrete deflection grid. The roof beams, wall panels, and additional construction materials
would be brought from strategic storage locations by ground, sea, or possibly air transportation.
Therefore, it is imperative that the beams be structurally efficient to minimize the individual
weight and total number requiring transport and erection.

The modular hardened shelter depicted in Figure 1 should provide a high level of
protection from the blast and shock effects of a wide range of conventional, very lethal

munitions. This is in contrast to lightweight, rapidly erected "airmobile" shelters which provide

environmental protection and only minimal hardening against conventional weapons threats.

4



Figure 1. Modular Hardened Shelter (USAF photograph).

B. OBJECTIVE

The objective of this research effort was to develop a dynamic design procedure for

prefabricated roof elements subjected to blast loads. One of the goals in developing the design
procedure was to keep the computational effort simple so that the resulting analysis can be

carried out in a spreadsheet, or readily programmed in Basic, FORTRAN, or mathematical

applications programs such as Mathcad®. This will enable the end user to design roof elements
using familiar procedures without resorting to sophisticated computer modeling techniques. In
addition, the designer can quickly analyze and refine the roof beam design, or examine the effect
of various parameters, without resorting to a computationally intensive method such as finite

element analysis.
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A second objective of the research was to evaluate five roof beam structural concepts and
then to select the structural concept that appeared most promising. A set of criteria and
weighting factors was developed for the purpose of selecting the most promising sltural roof

concept.

C. SCOPE

The scope of this research was limited to the roof system. The modular wall reinforced
soil, and burster slab were not part of the research effort. Five concepts for prefabricated roof
elements were considered: conventionally reinforced concrete, prestressed (pretensioned)
concrete, steel-concrete composite, externally reinforced concrete and pultruded fiberglass.

Based on the selection process, the steel-concrete composite slab was chosen as the prerrL.

concept. An appropriate design procedure for each concept was documented in the text.

The design procedure represents a synthesis of existing analysis and design
methodologies described in textbooks, technical manuals, journals, and concrete and steel codes.
A survey of this literature was first conducted to supplement our current knowledge and identify
key areas for investigation, as described in Section 2 of this report. During this stage it was also

necessary to agree on the general kvel of threat, shelter widths, and maximum allowable beam
weight. Development of the dynamic design procedure included defining the general constraints

and formulating structural analysis methods suited to implmenution in & spreadshmt or simple
computer program, as described subsequently in Section 3. As part of the concept rvaluation
described in Section 4 of this report, validation of the structural calculations by finite element
analysis was conducted to ensure that the design procedure results agreed with those obtained
through rigorous analysis. This validation exercLse was conducted on example beam designs for
each of the initial three concepts. A cost model was developed and applied to the resulting bear
designs to tvaluate their relative construction costs. Also at this stage several "excursions" were
made to investigate a number of issues identified in the litermturc survey, specifically whether the

benefits of using high performance and/or lightweight concrete justified its consideration.

The paramount impornw.e of mininizing beam weight to imprnve structural effyciency
underscored the next stage of develeprent. Smaller, lighter beams for eacb concept wcre
investigated and a more complete set of evaluation criteria developed and used to evaluate the

resulting designs. As described in Section 5, the most promising concept (composte steel and
concrete) was furthcr investigated to in.ludt the enhancing effects of concrete confinement

Based on the results of the concept evaluatioa, a test program was designed and executed
to validate the most promising concept. Static load tests were conducted on prototype beams to
determine their strength, stiffness, and amount of ductility rzlazivc t, prediction by the design

- - - - - - - - - - - - - - - .--l. -.



procedure and finite elemcnt analysis. The prototype test program is described in detail in
Section 5.

In Section 7 of this report, conclusions are drawn regarding the development and use of

the design procedure and the concept which emerged as the most promising based on structural
effidicy and economi considerations. aons rgarding future work to improve
the overall design of the protective structure are also briefly described.

7

. ..



SECTION 2. LITERATURE SURVEY

A. ANALYSIS METHODS

Numerous researchers have previously investigated analysis methods and parametz.

relevant to the design of modular roof elements. The most relevant of the results ant

reommendations from the literature concerning flexural strength, shear strength, and dynamic

analysis of reinforced concrete, prestressed, and steel composite elements are summarized in the

following paragraphs.

1. Flexural Strength

References 1 and 2 describe tests and analysis of singly and doubly reinforced

lightweight, high strength, concrete beams. They found that the flexural design provisions of the

American Concrete Institute (ACI) were adequate to predict the strength of these beams
(Reference 3). The upper range of their experiments was an unconfined compressive strength,

f 'c=ll ksi and a ratio of actual to balanced steel, p/pb<0.5 4 .

Reference 4 describes a computational procedure for predicting the flexural
resistance and ultimate deflection of concrete beams subject to severe concentrated loads. The

model uses linear distribution of strains and detailed consttutive models for the concrete and

steel. The concrete mol includes the effect of transverse reinforcement in confining the

concrete with resultant inreases in ultimate strength and corresponding strain, and a correction
factor for the effects of web reinforcement. The detailed calculational effort involved in this

procedure resulted in very good agreement with experimental results for ultimate strength and

deflection.

Reference 5 developed a detailed flexural model to investigate the increased
flexural resistance of a concrete section with curvature ductility factors of 10 and 20. This

research concluded that the moment capacity at yield from the detailed analysis is within 4% of

the nominal moment capacity predicted by ACI, and that the increase in capacity at high ductility

varies between 12% and 65%, depending on the amount of transverse reinforcement, ratio u-'

compression to tension reinforcement, and amount of tension reinforcement. The result is also

very dependent on the stain-ha-dening behavior of the reinforcing steel actually used.

2. Shear Strength

Reference 6 investigated the shear strength of rectangular t-arns made from
concrete with f 'c=l0, 17, and 18 ksL They found that for non-prestressed members subject to

8



flexu= and shear, ACI Code provisions overestime the nominal shear strength provided by the
concrete when the compressive strength is above 17 ksi. For very high concrete compressive
strengths, the minimum quantity of shear reinforcing specified in the 1983 edition ACI Code
needs to be increased to compensate for the lack of conservatism. At some amount of web
reinforcement, the code equations become conservative again, regardless of the deficiency in the
Vc (concrete shear strength) ter. Therefore, it appears that the minimum amount of web
reinfocing depends on a limiting value of the compressive strength, which was changed in the
1989 edition of the Code.

Refereace 7 describes tests of 14 beams and examination of 107 tests in the literature.
This study concluded that the ACI Code is conservative for both high strength concrete and
normal strength concrete beams. Increasing f 'c up to 12 ksi does not lower the safety factor, nor

does using high tension steel ratios.

3. Dynamic Analysis Metbid,

A single degre-of-fredom (SDOF) system is often successfully used to model
the dynamic flexural response of a simply supported roof beam. Reference 8 describes a SDOF
analysis with load-dependent, variable parameters rather than traditional constant SDOF
parameters. This approach requires development of a momcnt-curvature behavior of the specific
cross-section, integrating this for each load step to obtain the deformed configuration, including
the effect of end restraints, and then computing the parameters of an equivalent SDOF model
While this approach offers advantages for nonsymmenic cases with complicated boundary
conditions and is still fast and convenient relative to multi-degree-of-freedom (MDOF) and finite
element models, it was deemed overly detailed for the design procedure analysis. Reference 9
presents an analysis technique for reinforced concrete beams subject to impulsive loads utilizing a
nonlocal continuum damage/plasticity model within a TImoshenko beam finite element Such
refinements in the analysis, which replace approximations and simplifications with analytical
steps, undoubtedly yield greater accuracy, a: seen by the close agreement with laboratory
experimental results. While the more advanced techniques improve our understanding of the
physical response of structural elemenis undei dynamic loads, the rationale given in Refertnce 10
for using approximate design methods is still relevant:

"From the viewpoint of practical design, the approximate methods
presented here [SDOF constant parameter methods] are extremely

important. They should not be regarded as merely crude
approximation, to be used for rough or preliminary analysis, nor

9



should they be regarded as methods to be used only by engineers
who lack the training or intellect to employ more sophisticated

techniques. Problems in stnicnural dynamics typically involve
significant uncertainties, particulaly with regard to loading

characteristic Such being the case, complex methods of analysis
are often not justified. It is a waste of time to employ methiods

having precision much greater than that of the input of the

anysh."

To ensure that the roof element develops a flexural deformation mode to absorb
the blast energy, providing sufficient shear resistance is a must. In this regard, the SDOF analysis
method tends to be unconservative when the duration of the dynamic load to the first natural
period of the element is less than about 0.4 (Reference 11). Guidelines given by (Reference 12)
are:

- For load duration td greater than the first natural stuctural period T1 , the first
mode governs the response and the approximate analysis can be used.

- For td<Tl, the higher modes should be taken into account, and the Bernoulli-
Euler beam theory gives a proper solution.

- For td<<TI, very high modes become important in the beam response and
rotary inertia and shearing deformation have to be taken into account, and the TiMoshenko beam

theory is appropriate.
To illustrate, for a Bernoulli-Euler beam, ratios of the contribution from the first

and third modes for a uniformly loaded, simply supported beam are y1/Y3=243, M1/M3 =27, and

V1/V3 =9, for the deflections, moments and shears, respectively (Reference 10, pg. 165). While
the first mode remains dominant, the higher modes of the beam response include a significant
contribution from the high frequency content of the loading impulse. Reference 13 points out
that given the approximate method for computing support reactions in Reference 14 may
underestimate the maximum value for short duration loads, so this reference (14) was not used.

B. ASSUMFIONS AND APPROXIMATIONS

1. Ductility and Support Rotation

Previous research regarding appropriate performance criteria for dynamic

response of beams was investigated. The relevant findings for selecting appropriate ductility
factor and support rotation performance criteria is described in the following paragraphs.

10



Reference 15 (pg. 637-639) defines the ductility ratio for reinforced concrete

elements as the ratio of curvature at uitae strength to curvature at frst yield. This value

should be less than 20 for singly ar4 doubly reinforced members A procdure for calculating

this ratio for rectangular singly and doubly reinforced beams is given.

Reference 16 (pg. 6) uses support rotation as a performance criteria for
re ,,ced concrete elements. At 20 of support rotation, the con concrete crushes.

Between 2° and 49, thee is slight loss in moment capaciry f:.t" lhe concrete crushes and the

compressive force is transferred to the compresion reinformmen. This requires an equal
amount of compression reinfonn-t and tension *eforcemenL Above 4, the member loses

structural integrity and fails. The preceding applies to membas with shear reinforcing that

provide shear resistance greater than the flexural resistance and provide restraint of the

com;rssive flexural steel. Ductility factors for beams used as primary support members (versus

slabs) for personnel protection sLould be more restrictive, and are limited to a ductility factor of
10 or 0.50 of support rotation. Structures to protect equipmn or explosives may be designed

for deflections up to incipient failume.

For steel structures, Reference 17 states that the ductility factor can go as high as

20 and support rotation can go as high as 120, provided lateral bracing is adequate. For beams
where safety of personnel is required, the ductiiity factor should be less than 10 and support

rotation less than 20. In order to realize this magnitude of plastic behavior, secondary modes of

failure must be avoided 'Tese modes are categorized as either instability or bf'rlle modes of

failure. Instability in :hsdes overall buckling of the member or buckling of component elements

(e.g., flange buckling or web crippling). Brittle modes include local stress concentrations and

residual stresses, poor welding, notch sensitive steel, shock loading or rapid strain rate sensitive

steel, low temperatures, and wiaxial tensile strese in thick gusset plates, webs, and in th.

vicinity of welds. These brittle modes can be remedied by utilizing a type of steel that conforms

to conditions anticipated in service, enforcing high standard in fabrication and workmanship,

and careful design of connections.

Ref ;xnce 18 presents ductility ratios reproduced frnm Reference 19, except that

the ductility factor for reinforced concrete beams responding in flexure with at least 1/4 as much

compressive as tcnsile reinforcement is reduced from 7 to 6. Reference 18 recommends using

support rotation rather than ductility factor for the design of reinforced concrete members, based

on the limiting values from Reference 16. For support rotations ranging from 0o-20 ultimate

flexural resistance is maintained. Additional rotation results in crushing of concrete. Rotations
from 2'-4* require symmetric tensile and compressive steel with either adequate shear

reinforcement or lateral restraint.
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Reference 19 preseznts generally conservative ductility factors resulting from

exerec in design and evaluation of many protective fcilities. For reinforced concrete fliling

in fle.Tr, with compression rinforement at least 1/4 the tension reinforcement, a ductility

factor up to 7 is allowed. The corresponding value for steel beams failing in flexure, assuming

no instability, is 12.
Reference 20 provides a table of ductility factors for impulse and impact loads

based on some very early work and analysis. The ductility factor for reinforced concrete beams
in flexure is gi-* as 0.1/(p-p) <10, with the limiting value for slabs given as 30. This format

for the ductility ratio first appears in Relerence 21 as O.Ac /(As-A' s) < 30 for rifced

concrete beams- For structural steel, the ductility ratio of 20 is allowed for beams with adequate

bracing to prevent local and lateral bwkling (Reference 20).
References I and 2 describe tests and analysis of lightweight, high strength, singly

and doubly reinforced concrete beams. For singly reinforced beams, they found that to achieve a

displacement ductility factor of 3, P/Pb should not exceed 0.4 for f 'c = 8 ks, and 0.2 for f 'c = 11
ksi. For doubly reinfated beams, both normal and high strength concrete exhibited a ductility

factor less than 3 when reiforced with P/Pb greater than 0.4, and beams with f '€ = 11 ksi

exhibited a ductility factor that was marginally acceptable when reinforced with P/Pb of 0.22.

Reference 22 describes tests on beams with fc of 12 and 15 ksi with

reinforcement ratio P/Pb values from 0.066 to 0.54. The beams were doubly reinforced with an

equal amount of compression and tension reinfcm They observed ductility factors

between 7 and 20, computed as the ratio of the deflection at ultimate to the deflection at first

yield of the tension reinfrcement. Their results led them to conclude that concerns about the
use of high strength concrete possibly resulting in a decrease in member ductility is largely
unfounded. The parameter P/Pb was found to control the load-deflection behavior and ultimate

ductility, members with low p/Pb values experienced large deformations at relative constant high

loads before the maximum load was attained, whereas beams with high values of P/Pb exhbited

significant load drop immediately upon crushing of compression concrete, followed by strength

gain as the compression steel compensated for the crushed compression concrete.
Reference 23 uses a curvature ductility ratio, defined as the ratio of the curvature

at ultimate to the curvature at first yield of the tensile reinforcement, to study the effect of design
parameters on the ductility of doubly reinforced concrete beams. This study concluded that the
available curvature ductility factor increases with decreasing values of p, increasing values of p',
decreasing values of fy, or increasing values of f 'c. Each of these factors tend to decrease the

depth of the neutral axis both at first yield and at ultimate strength. They recommend
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p-p' <0.5pb for curvature ductility factors greater than 4, and p-p' < 0 .7 5 Pb for ductility

factors greater than 2.

In the mid 1960's, reinforced concrete design transitioned from working mess
design to ultimate strength design. Results from experimental studies conducted on the strength

and ductility of reinforced concrete beams formed the basis for the underlying guidance used in
the current ACI Code (References 24, 25, 26 and 27). These experiments verified the validity of

using the equivalent concrete stress block, equilibium of forces, and stain compatibility to

calculate the nominal flexural strength of a beam. Formulas were developed to calculate the
ultimate strain capacity of the compressed concrete, yield and ultimate curvatures, the length of

plastic hinging zone, and inelastic rotation of the beam at ultimate capacity. It was demonstrated
ety that the rotational capacity of a beam under loading producing a moment gradient
is greater than that for a similar beam with constant moment. Further work investigated the

effect of ultimate concrete strain and strain hardening of tension reinforcing, and obtained beam
rotational capacities of 4.5? to 5.7 . Tests on small and large beams found no evidence of size

effect.

In a review of blast-resistant design work in the Peoples Republic of China,
ductility ratios for static and dynamic flexural tests are reported to be as high as 10 for beams
with small amounts of reinforcement (Reference 28). This study presents a plot of ductility
versus aid, where "a" is the depth of an equivalent stress block and "d" is the effective depth of
the section. A curve fitting this data expresses this relationship as p.=0.45/(a/d), as shown in

Figure 2. A comparison with the results reported by Reference 22 reveals some interesting

similarities. Transformation of the P/Pb data from Reference 22 into an equivalent a/d ratio

shows that the ductility results from these two investigations agree quite closely (see
Figure 2). This transformation is accomplished by expressing balanced failure condition as

ab Id = N (87,000/(87,O00 + fy) for singly and doubly reinforced beams, where ab is the depth

of the stress block for balanced condition, 51 is a function of the concrete compressive strength
and fy is the yield strength of the reinforcing steel in psi These results are generally consistent

with those reported in Reference 2 for doubly reinforced high-strength, lightweight beams.
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Figure 2. Ductility Factor For Reinforced Concrete Beams

with Varying Amounts of Reinfo g.

2. Beam Stiffness

Previous research into reinforced concrete beam deflection and stiffness has

generally concentrated on short-termn static behavior. The relevant research in this area, and the

recommendations for consideration of ultimate dynamic response, are summarized in the

following paragraphs.
The ACI Code (Reference 3) presents a formula for computing beam deflections

at service loads, well below ultimate. Researchers continually publish suggested revisions or
alternatives to this formula for effective moment of inertia for short-te m deflections. (e.g.,
References 30, 31). Although the ACT formula and suggested alternatives adequately predict

short-term deflections under service loads, they are cumbersome to use and do not explicitly
include many parameters that characterize response of reinforced concrete beams (such as
reinforcement ratio p).

14



For reinfWorced concrte, Reference 10 rtcommends the use of the average of the
gross and cracked section moment of inertia for SDOF dynamic analyses, and presents a fonnula
for moment of inertia for rectangular, singly reinforced beams, based on Reference 29:

3

Ia = !- (5.Sps +0. 083) (1)2

Reference 15 uses the value of average section monent of inertia recommended
above by Refience 10.

Similarly. Refererice 16 recommends use of the average of the gross (non-
transformed) and cracked section moment of inertia where the lt is obtained firn formulae
and graphs presenting codecies for various reinfornement ratios and modular ratios for
rectangular sections and sls.

Whereas Reference 18 does not specifically recommend a value for reinferced
concrete beam stiffness, a worod example duerin uses the approiznarion given in Reference 10.

Reference 19 presents equations for natual period of concrete beams based on
various end conditions, length, reinforcing ratio, and effective depth. This source also provides a
correction term for shear deformation. In addition formulae for natural periods of steel beams
based on varying end condition, length, weight, moment of inertia, and steel modulus are
presented.

15



SECTION 3. DESIGN PROCEDURE

The design procedure represents a synthesis of existing analysis and design
methodologies described i textbooks, technical manuals, jounials, and design codes.
Rcommendations from the current literature have been incorporated where appropriate. The
design prozedure is described in this section, with related formulas in Appendix A.

A. PROBLEM DEFINITION

The initial step of the design procedure is to defin the constraints and performance
criteria for a specific type of shelter and thrma. Constraints include the geometry of the shelter,
blast loading, and maximum allowable weight of the beams. Performance criteria, the allowable
limits of dynamic structural response, are based on deflection ductility and support rotation.

1. Constraints

Advantages in fabrication, handling, storage and erection of flat roof elements,
coupled with the reinfored earthen wall concept, favored using straight beams versus arched or
cambered roof elements. The roof was envisioned to ccnsist of adjacent simply supported beams
spanning the short dimension of the shelter. This study conside. -t roof spans of 20 and 50 feet
covering the expected range for personnel or aircraft shelters. The roof will likely have a
covering of soil and may have additional protective layers. For preliminary comparisons of the
initial thr roof concepts, the shelter was assumed to have 6 feet of overlying soil with a burster
slab.

This design procedure relies on methodologies for threat assessment, weapons
effects, and determination of structural loading from other sources. The assumed threat, for
preliminary design and concept comparison, was a 1000 lb. general purpose bomb. Guidance in

developing detailed strucura loading from such a threat, including the effects of soil-structure
interaction are contained in References 32 through 36 as well as numerous supplementary papers
presented in References 37 through 42. For purposes of this study, the structural load was
determinrd from the soil pressure for the coupled, contact detonation of the bomb at the level of
a burster slab, 6 feet above the roof structure surface.

The resulting soil pressures were calculated using the microcomputer

implementation of the procedure of Reference 36. Figure 3 shows the computed ,ak pressure
and impulse on the roof for this threat. This pressure distribution, both spatially and temporally
nonuniform, is approximated for subsequent analysis purposes by an equivalent spatially uniform
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pressure distribution. MIis equivalent uniform distribution of pressure was chosen to produce a

midspan moment Identical to that from the nonuniform peak pressur distribution. The duration

of the equivalent uniform pressure loading was selected based on the nonuniform impulse at the

approximate 1/4 points of the span. Figure 4 shows the resultin, -aro rise tim, triangular

pressu pulse magnitudes and dmons for the 20 and 50 foot spans. More rigorous techniques
for computing structural loading for spcific tmats, shelter geometry, and material properties

would be used once the ranges of required input parameters are established. The current study

focuses on develo ent of a procedure for structural design of the roof, and therefore the loads

were chosen to simply reflect a reasonable design situation.
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Figure 3. Peak Dynamic Pressure on Shelter Roof From Assumed Threat.
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Figure 4. Idealized Dynamic Structural Loadings for 20 and 50 Foot Roof Spans.
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Constraints on beam geometry and weight must consider the types of equipment

normally available for transportation and erection of the beams. For example, the complement of

equipment assigned to an Air Force "Red Horse" unit includes light earth-moving equipment,
backhoes, and cranes. With this equipment, beam weights up to 15 tons could be handled,

During initial Concept development and evaluation, beams were equally sized to weigh 15 tons
for comparison. Realistically, however, the availability of a 15 ton crane in a combat situation is

practically niL In addition, committing valuable air and ground transportation capacity to hauling

roof beams will require serious cosideation. A very direct relationship exists between size and

weight of roof beams and the level of protection they provide. Therefore, during an actual

design phase, the designer should make a pragmatic study of resources readily available to the

field troop units and the level of protection desired to determine a wa,dmum allowable weight

and size for the roof beams.

2. Performance Criteria

The purpose of this section is to describe the allowable limits of the structural

response to dynamic loads. The two primary performance criteria are deflection ductility factor

and support rotation. Rationale for these criteria and the allowable limits will be desc-ibed.

Limits will be given for the diffrent materials and structural systems that might possibly be

utilized for roof elements.
Ductility measures the capacity of a structure to absorb energy equal to the work

done by the applied loading. As seen in Section 2, two common definitions of the ductility factor

are (1) the ratio of curvature at ultimate to curvature at first yield, and (2) the ratio of the
maximum dynamic deflection to yield deflection. The definition based on curvature is more
common in structural analysis with regard to the resistance of structural members and

connections to sismi loads. The deflection ductility factor is preferred in blast-resistant design

because the analyses usually calculate the deflection of the structural element.
An additional distinction should be made between material ductility and sectional

ductility. Concrete is by-and-large a brittle material; it cracks in tension (and shear) and crushes

(often explosively) when its compressive strength is exceeded. Steel, on the other hand, is

characterized by yielding followed by significant elongation and contraction in tension and

compression. In design of a flexural membar, the sectional ductility is the more important; thus,

in a reinforced beam, simply increasing reinforcement (materially ductile) and not changing the

concrete (materially brittle), will change the section from ductile to brittle behavior. In effezr,

adding more reinforcement may cause the brittle concrete to govern the section behavior.
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Covversely, using higher strength concrete without modifying the reinforcenient, has a benecial

effect on sectional ductty eve though the materid itself is more brite than normal strength

concrete.

The AC Code (Reference 3) doer not directly prescribe ductility limits. Rather,

it sets an upper limit on the arnmmt of reinfoceent in reinforced concrmne and pr--sressed

concmrete beams. For reinforced concrete, this limit is 75% of the reinf entassociated with a

"alan4" condition. This balance pcI.mt is the theoretical transition between a ductile failure

governed by yielking of the ztinfcing steel and a brittle failure governed by cmshing of the

concrete prio, to yielding of the reinforcement. By limiting the amount of reinforcing to 75% of

that .Obr a balanced condition, bears designed accordingly wi have some ductility. In usual

practice, reinfrced comncrte beams have between 20% to 50% of the "balanced" reinfoLmnt.

This ensures that the beam will have a ductility of 3 to 5 (Reference 2). is-tudyX adopteda
mmumllcnb~itIXLta La. This compares with a value of 7 in Reference 19 for

beams vith at least 1/4 as much compression steel as tension steel, ad a ducilfty of 6

recommended in Refrence 18.
Support rotation, calculed as the angutr rotation of a point at midspan relative

to an end, provides another ueful criteria for assessing structural response. Support rotation

roughly corresponds to the amount of curvature in the yielded "hinge" region of the beam where

moment is highest As described in Sectioa 2, the ability of a beam to develop a hinge without

significant loss in load capacity requires that the concrete in compression remain relatively intact.

This occurs for a ncrmaily proportioned reinforced concrete beam when die tension noel yields
while the concrete is only moderately sained. Concrete beams with a relatively high ratio of

=&ns- =, reinforcement, in the form of closed hoops, can experience large curvatures due to the

effects of concrete confinement This enhancing effect will be treated in more detail in Section 5.

More commonly, longitudinal reinforcement is placed in the compression zone, with the effect of

redurnug the concrete area required to balance the tension steel force. Since the beam width i,
fixed, the position of the neutral axis shifts upwards, causing an increase in the curvature.

The iateauction of many factors results in a fairly complex procedure for

estimating support rotation (References 24 though 27). In general, normally proportioned
reinforced concrete maintains its ultimate flexural rsstaince for support rotation up to 20.

Achieving support rotation up to 40 requires an equal amount of tension and compression

reinfrceiment, as well as ansverse reinforcerncrt to confine the compressive reinforcement and

prevent shear failure (References 16 and 18). For this study a limiting support rotation of 40

wa, used for evaluation of all .
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B. DYNAMIC ANALYSIS METHOD

The dynamz. response of the roof beam is determined using an equivalent single degree-
of-freedom (SDOF) model which provides a number of advantages. This approach requires only
moderate computtional effort yet provides sufficient auracy for simply supported beams, thus
allowing the analyst to investigate a wide range of designs. The analysis may be carried out by
hand, with the use of readily available response charts (e.g., References 10, 14, and 43), or with
a computer using a team analysis program (e.g., Reference 44), and SDOF analysis program.
This approach is widely used and, therefore, familia to the design community performing work
in his ara.

Strain rate effects due to high dynamic loading and response rts tend to increase
apparent strength of the construction materials, compared to the nomimal strengths measured by
static mill tests. This strength increase is typically considered in M: dynamic analysis by a
percentage increse in the range of 10-15% for steel and concrete (e.g., Reference 16, 19). In
this suidy, a 10% increase is applied to the static strength of concrete and conventional (mild)
steel. No increase : applied ,o prestress strands.

This section briefly sumnmarizes the SDOF analysis method used in the design procedure.
The basis for the method, its assumptions, and how it is aprlied to the current problem of
designing roof beams is described. The formulas for determining flexural resistance and stiffness
are contained in Appendix A.

I. Calculation of Flexural ResistMace

The two basic requirements used to calculate flexural resistance are strain
compatibility and torce equilibrium. Addidonal assumptions and limitations given in the ACI
Buildi g Codt (Reference 3) and the American Institute of Steel Construction (AISC) Manual of
Steel Construction (Reference 45) provide additional guidance. The assumptions and approxi-
mations inherent in the calculation of flexural resistance are:

1) Strain is directly proportional to the distance from the neutral axis.

2) Concrete compressive stress is modeled by a uniform rectangular stress block with
a stress of 0.85f 'c acting over a depth a=f3lc, which should not be greater than the
thickness of the top slab, where c is the depth to the neutral axis.
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3) Stress in rnfdorcing steel or plate is proportional to birzin up to ied, thereafze,
stress is taken as fy fort4e grade of reinforcerawn used.

4) Tension and compression r orcemnt are lImped at two aepJhs relative to the
top of the beam.

5) Maximum usable concrete comprssive stum is 0003.

6) Tensile strength of con=e is neglected

7) Fleua stegth of a stee-coacte composite section is determined from a plastic
stress distribution on the composite section; the web height and ddckness must
meet a given criterion, and ufficient shear connectors are provided to develop the
maximum flexural strength of the composite braw.

8) Effective width of the slab be on each side of the centerlinz of the beam or webs
does not exceed one ighth of the beam span or one-half the distance to the
adjacent web (see Figure 5).

9) The ratio of beam length L to effective depth d will not be less tha .5

10) No load factors are used, and resistance factors " " are ;et to unity.

- - b

Effective uVii

4 ,4.... . .4.

.

.>::1 1

Steel - Concrete Cofposite Reinforced Concrete or Prostrssoti

Figure 5. Effective Width of Slabs for Three Concepts.
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Appendix A contains details of the closed-farm equations for the statc resistance

for each of the concepts considered. These equations were devloped for box or T-shaped
rinfcrced or pnstesed concrete sections and include cases in which th compresson

reinfoarement does or does not reach yield. The formulas pres'steC require that the compression

zone ocr cutiely within the top flange. This results in a more officient design and avoids
ambiguities that arise ii computing the depth of the compression block (Reeref 46). The
fomuks for tinforced concrete and steel-concrete composite provide a direct solution; the

wesressed coccr* ?xmulas -enerally require one or two iwcatihns to obtain a close estimate
of the stress in the piesressing stand. Additional frmuas are presented for checitng the

permissible reiforciag rzc)i and choosing an adequate steel web for the composite beam.
The norn&a nxmwi capacity is then expressed m terms of the maximum farce

p.nduced by a uniformly di'trfouted load. Subtracting the weight of the beam and overlying soil

layer provide; the ne beam rcsiwncc for the SDOF uodet

2. Calculation of Elm=cnt Stiffness

Calculating the roof 1eam sffnss en&ils making an assumption of the effective

moment of inertia lt. In dyntmic analysis, this is genmly taken for reinforced concrtte as the

average of the gross section momtnt of inertia Ig and cracked section moment of inertia Icr, as
descrited in Section 2. Neglecting the contribution of the reiEnfor ce nt on the gross momnt of

inertia has been shown to be a reasonable W!uCXafiQ (Reerence 30). The stiffness calculation

for the composte steel-concrete beam -ises the gross momat ot intia of the nanskr'ed
section. Fmite element analysis provide; a urans of validating these asz-umptiops, as dcscribed

later in Section 4. The details of computing beam moment of inertia and stiffness are presented

in Appendix A.

3. SDOF Cuculation

The oquivlent SDOF model of the beam is obtained by using transformation

factors apprvprate for the intended level of response, load distribution, and boundary condizions.
The technique for obtaining transformation factors, as well ac numeric values for the load-mass

w-ansfurmatioa factors KLM that wers used, is described in Reference 10. Herein, this method cf
analysis involves apMoximating the beam response as elastic-perfectly plastic with a plastic hinge

conntrated at midspan, the load as a uniform distribution with some average duration, and the

supports on each end as infinitely rigid and strong. These simplifying approximations are
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acceptable given the uncertainty associated with threat assessment and determination of the

actual, time-dependent srucural Ioeds
Refineatni such as those proposed in References 8 and 47 to more accurately

represent the nonlinear beam response, noninear nonsymmetc support conditions, and soil-
structure interaction are justified when greater accuracy is requird or when actual construction
conditions are better known, such as analysis of lab or field test results. Altemadvely, using a
refined model during final design allows the engineer to evaluate the design parameters which
have the greatest influence on the performice of the shelter. Specific suggestions along these
lines =e given in Section 8: Conclusions and -.ecommendations.

The response of the resulting SDOF system can be determined using prepared
response charts or numerical integration of the equations of motion. The present study utilized a
constant accelertion integration method. This calculation was performed in a spreadsheet that
also contained the formulae for beam resistance, mass, and stiffness. By combining the numerical
integration with the resistance function procedure, a very useful design tool was obtained. The
same result could be accomplished by developing a Basic or FORTRAN program containing the
same calculations. A spreadsheet was chosen because of the low-overhead, flexible

programming environment, and ad-hoc graphics capabilities. One disadvantagr. of the
spreadsheet fomrat is the inherent difficulty in checking and "debugging" complex formulas.

The results from either graphical or numerical integration were xmpared with the
performance requirements to determine the suitability of" a design. Solution of t6c SOF .stem
graphically gives the ductility, from which the maximum displ t and support rotation can
be obtained. When numerical integration is used, the maximum displacerent is obtained directly,
from which the ductility and support rotation are calculated. If either requiremant was exceeded,
the design was modified and the analysis repeated. Once an acceptable design was obtained, it
was checked to -nsure that flexunl failum was the governing response of the beam This was
primarily a matter of providing adequate shear reinforcement.

Tm design procedure utilizes two methods to estimate the dynamic shear force in
the beam. A thid method would be used when response charts are used to obtain the system

response. The first approach considers the dynamic equilibrium of the load and the beam's
resistance and inertia. Iis approximate method uses the assumed deflected shape to calmlate

the inertial force. Summing moments about the midspan leads to a simple exrssion for the
dynamic reaction invctving the applied force and resistance for both the elastic and inelastic
range; (Reference 10).

The second approach includes the contribution from the higher normal modes
which become increasingly important for calculations involving higher derivatives of the
deflection expression, as for shear (Reference 10). As described in Section 2: Literature Survey,
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for short duration loads that are not purely impulsiv, a Beanul!-EUer beam may be used, and

shear deformation and rtational inertia are neglected. In the fls step, the natual frequencies
for modes one, three, and five for a single span, simply supported beam with uniform mass are
determined. Dynami load factors were then caulactd for SDOF system with these
frequencis. Th shear force at any given distance was computed by summing the contribution

of he modes oonsidercL Specific formulas are given in Appendix A.
Since this approach only applies to an elastic system, this normal mode technique

was used to calculate the beamn shear for time saps up to the yield poin. Tis was adequate

because the high frequec, ccntent of short duration dynmi loads causes the maximum shear
to occur before the beam has reached the point of maximum resistance. The higher of these two

results was then used for designing the shear reinforcement
A third method would be used when solution is obtained from response charts

rathr than numerical integration. A conservative approximation for the dynamic shear can be

dd by combining the initial load magnitude and maximum resistance using the expression
for the dynamic reaction in Reference 10.

C. ADDITIONAL DESIGN DETAILS

The purpose of this section is to identify and generally describe the structural

requiments that must be adequately designed to ensure that the beam can develop its intended

flexural strength and ductility. Other limit states, such as shear failure, must be prevented fom
governing the ultimate strength of the beam. This requires care investigation of all potential
failure modes and designing and detailing the beam such that flexural response govens.

Due to the impormce of these design considerations, several conservaive assumptions

were made; namely, the strength reduction factors from the relevant portions of the concrete and

steel design codes (References 3 and 45) were used to factor the nominal stragths and material

properties, but were not increased for dynamic load effects. Member sims were proportioned or

checked for conformity with code provisions for concrete cover, rebar, or strand spachig and

weld requirements. Some of these associated design considerations are described in the following

sections.

1. Reinforced Concrete Concept

Since the design procedure treats shear behavior as a nonductile response mode,

the factored shear resistance of the beam must equal or exceed the estimated dynamic shear

force. This is exactly the same as the design for conventional loads, and, therefore, the designer
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is referred to textbooks for mom complete details on designing and detailing shear
reinforcemen The discussion herein will touch on sone of the issues that are particularly

relevat to blast-resistant design.
The shear resistance of a renaforced concrese beam cmsists of two parts, the

concrete shear capacity Vc and the shear reinforcement capacity Vn. The AC! code allows V0

to be taken as:

Vc = 2 4fc (bwd) (2)

where bw is the width of the web and d is the effective depth to the reinforcing. The alternma
equation:

V0  = (19Z+2500Pw -ud)bs (3)

where: Pw = As I (bwd)

Vu, Ma = acting shear and momnt at section

should not be used because it underestimates the effect of Pw for beams without web
reinfo n and is no: entirely correct in its treatment of a/d (expressed as Vud/Mu). For
these reasons, the ACI-ASCE Committee on Shear and Diagonal Tension 1 that this
equation not be used (Referenoc 48) and the ACT Code suggests that the first equation provides

a convenient estimate of the concret shear capacity.
In the section on seismic design, under certain conditions the ACT Code does not

allow using the concrete capacity Vc for computing the shear resistance. This requirement is
based on experimental studies that demonstrae that more shear reif e t is required to
insure a fleural failure if the member is subjected to alternating nonlinear displacements in the
absence of axial loads. This stratagem is intended to increase the amount of shear rcinfe t,
not reduce the amount of concrete. In fact, the concrete core may resist all the shear with the
shear re-orce-mt providing confinement and, thus, strengthening the concrete. While it is not
suggested that the concrete capacity Vc be neglected in designing the shear resistance, the
designer should be aware that load reversal during rebound and subsequent reloading wM cause
complex strss patterns that ordinarily do not occur in members under monotonic loads.

Design of shear reinforcement is based on the number of transverse reinforcing
bars crossed by a potential diagonal shear crack. The ACI Code gives the amount of shear
capacity provided by transverse reinforcing to be:
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VS=Avfyd(4vs= (£

where Av is the total ara of the transverse hoop or stirrup, fy is the yield strength of the
renfrcment and s is the spacing between hoops or strus Stirrups should not be used, but
rather closed hoops or hoops constructed from a stirrup and crossie, as described in ACI 318
21.3.3.5. Hoops serve to confine the concrete, engage and laterally support the longitudinal

1;&minf nt, and provide positive anchore for the vertical leg& of the transverse

reinforcemett Combining the above equation with the concrete capacity Vc gives:

VU : (Vc + Vs) (5)

where Vu is the shear force computed by the dynamic analysis. Substitution of the expressions

for Ve and Vs and rearrangement gives the design equation:

Av = (Vu - wd)

S Oyd

Minium spacing of transvers reinforcing is given in ACI 318 11.5.4.1 and 11.5.4.3 as the

smallest of d/2 or 24 inches, or when Vs exceeds 2Vc, d/4 or 12 inches. The latter values also

app-ar in the corresponding code section on seimic design, ACI 21.3.3.2, in addition to such

spacing not exceeding eight times the dia of the smallest longitudinal burs or 24 times the

hoop bar diametr. The primary purpose of this requirement is to confine the concr and

maintain latera support for the longitudinal reinforcing bars in regions where yielding is

expected. In the middle of the beam, the requirement for area of renforcent should be based

on the minimum requirement, given as:

= (7)

Applying this requirement to the case of a simply-supported, single-span, dynamically loaded

beam transverse reinforing occurs not only near the ends, but also in the middle of the beam

This --inforceme should extend over a length equal to twice the member depth on both sides of
a section where flexural yielding is likely to ccur.

The ACI Code limits the shear capacity Vs not greater than & (bwd) as a

means of controlling crack widths at service loads. Since service loads do not repesent a

significant fraction of the strength of blast-resistant roof beams, this requirment appears
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irrelevant However, a second reason for this limit which does apply to the present case is

controlling the staesses thax develop in the compression diagonals in the web of a be= This is

accomplished in some codes by limiting the ultirnm shear stm to 0.2 to 0.25 times the
compressive s Teg'h of the concrete. The ACE Code limit on Vs for crack control provides

adequate safety against web crushing m reinforced concrete beams

2. Prestressed Concrete

Design of shear reinforcetment for prestressed concrete is performed according to
ACI Code Chapter 11.4. Several differenc between pmsressed and conventional reinfoing

include the effect of prestress on the shear capacity of the concrete Vc, the location of the critical
section at hi2 versus d from the support, and the spacing limits for shcar Ainforcm t of 31b/4

versus d/2 for prestressed versus conventional reinforced conctte. The procedure for

calculating the shear capacity Vc will be described. As mentioned ealier, the designer should

refer to a concrete design textbook for additional information on shear design and reinforcement

detailing.

For the case of a uniformly loaded, simply supported beam. the shear capacity of

the concrete Vc varies according to:

(0.6 +700 Ud)bwd (8)Vc (. FfC, Mu
where Mu and Vu are the factored moment and shear at the section being investigated. Vc need

not be taken less than 2,fc (bwd) nor greater than 5Nc (bwd)" The quantity Vud/Mu is

limited to values less than 1.0, and for the case being considered, can be expressed by:

Vud = d(I-2x) (9)

Mu  x(- x)

where I is the span length, x is the distance from the support to the section being investigated.

and d is defined &v the distance from the exv-eme compression fiber to the centroid of prestress
reinforcement.

The calculation for Vc  Uve assumes the prestress is at 100% of its effective

value. Wbhn the critical section (h/2) is closer to the end of the member than the transfer length

of the prestressing tendon, Vc must be reduced accordingly. Within this region the prestress is

assumed to vary linearly from zero at the end of the strand to a uaximum at a distance of 50

strand diameters, ds. This result is used in calculating the web-shear cracking strength Vow,

which is taken as the limiting value for Vc:
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Vcw = (3.54fc + 0.3fpc)bwd + Vp (10)

where:

fpc = compressive stress in the concrete, after allowing for all prestress losses, at
centroid of cross section; when centroid lies within the flange, fpc is
cakclated at junction of web and flange.

VP = vertical component of effective prestress force at section (if strands are inclined

to axis of beam).
d = distance from the exune compression fiber to centroid of prestressed

reinfo nt or 0.8h, whichever is greater.

so5 50do
Prestrus Progtr6u

Ti*afe Zaw Tram Fer Zone

ufn bunr
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a) Not Recacmrded b) Recoimunded

Figure 6. Abutment Requirement for Prestressed Roof Beam
to Avoid Tensile Bond Failure.
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This situation is depicted schematically in Figum 6a showing a beam resting on a
support. The criticil section, at h/2 from the support, is within the transfer length of the

presress strand assumed to toe 50ds.Therefore, the shear capacity of the concrete in this critical

portion of the beam where shear forces ae highest must be reduced. This reduction could be

avoided by locating the prestress transfer zone on the outside of the support, as shown in Figure

6b. This design detail is recommended for preventing a brittle failure termed shear-tension,
which occurs when shear cracks cross the region of transfer length and destroy the bond between
the prestress strand and concrete (Reference 49). When this occurs, the prestress strands are

ineffective and the beam will experience a premature, nonductile failure.
A more detailed calculation of the shear capacity of prestressed concrete is given

in the ACI Code Section 11.4.2. This approach considers two types of inclined cracking: web-

shear cracking and flexure-shear cracking. The corresponding concrete shear capacities are

designated as Vcw and Vci, respectively. The calculation for Vcw has been given above using
ACI Eqn. 11-13. This formula is based on the assumption that web-shear cracking occurs due to

the shear causing a principal tensile stress of approx;mately 4q'f1 ' at the centroidal axis of the

cross secdon. The vertical component of prestress force Vp is calculated from the effective

presuess force without load factors.

The inclined flexure-shear crack capacity, Vci, is the sum of the shear required to
cause a flexural crack plus an additional increment of shear required to change the flexural crack

to a flexure-shear crack. Vci is calculated by:

Vci =0.6fc(bwd)+Vd+Icr (11)Mmax

where:

Vd = shear force at section due to unfactored dead load

Vi  = factored shear force at section due to externally applied loads occurring
simultaneously with M...

Mar = moment causing flexural cracking at section due to externally applied loads

Mmax = maximum factored moment at section due to externally applied loads

For the present case of a noncomposite, uniformly loaded beam, ACI Eqn. 11-11 reduces to:

Vci = 0.6. (bwd)+ AMt (12)Mu

where:
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Vu  = factored 3hear force at section
Mu = factored moment at section
Mct = total moment, including dead load, required to cause cracking at the extreme

fiber in tension, given by
Mct = (1/y t)(6FfC + fo (13)

where:

I = moment of inertia of section

Yt = distance from centroidal axis of gross section to extreme fiber in tension
fpe = compressive stress in concrete due to effective prestress force at extreme fiber

of section where tensile stress is caused by externally applied loads

In design either ACI Eqn. 11-10 would be used, or the lower of Vcw or Vci if a

more detailed calculation is performed, to determine the contribution of the concrete capacity Vc

to the shear capacity. Design of the shear reinforcement for prestressed beams uses the same

procedure as described for reinforced concrete in the preceding section.
Two additional design considerations specific to prestressed concrete include the

permissible concrete tensile stresses after prestressing and the permissible stresses in prestressing
tendons. Permissible concrete tensile stresses are applicable immediately after transfer of the

prestressing force and are limited to control sericeability; limiting the tensile stresses reduces the

occurrence of cracking which degrades the beam's stiffness and corrosion resistance. The

purpose of limiting the stress in prestress tendons is to provide an adequate safety factor under

service conditions.

Permissible concrete tensile stresses immediately after prestress transfer should

not exceed:

0.6f 'ci for extreme fiber stress in compression;

3.0 F at extreme fiber in tension, except at ends of simply supported members

this value may be 6.0 ;

where f 'ci is the compressive strength of concrete at time of initial prestress.

When investigating stresses at the section where the prestress load is traiisferred,

strain and stress are assumed to vary linearly across the gross cross-section. When the resulting
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tensile stres exceed permissible values, auxiliary reinforcement must be provided in the tensile
zone to resist the tensile force wd the concrete. The stress in this tension reinforcement should

not exceed 0.6fyn nor 30,000 psi (in order to control crack widths). Normally the amount of
tension reinforcement provided for rebound, constctability and concrete confinement meetshis

requirement.
Permissible stresses in the prestressing tendons are not allowed to exceed:

0.94fpy due to jacking force,
0.82fpy, but not geawer than 0.74fpu, immediately after prtstress transfer,

where fpy and fpu are the yield and ultimate tensile strengths of prestressing strands,

respectively.

3. Stcel-Concrete Composite

The shear capacity of the steel-concrete composite beam is assumed to be

provided by the ,..te girder portion of the beam. Within the plate girder, the web carries the

majority of the shear, and therefcre, the shear capacity of the beam is determined from the shear

resistance provided by he web(s). Calculation details are contained in Appendix A, taken from

Referet.s 45 Pztrd 50.
Composite action is accomplished by providing adequate shear connectors

between the piate girdei and the concrete slab. The number of shear connectors is determined by

the ,malle- of the coompremsive force in die concrete (0.85f 'cAc) or the tensile force in the girder,

assuming all the steel has yielded (AsFy). h, normal situations the first of these two conditions

will apply. For stid-tyWp shear cotnectors, the strength of one shear stud is given by:

Qn = 0.SAsc Ec < AscFu (14)

where-

Asc = zross-sectiona) zrea of stud, in.2

i 'c = compressive strength cf concrete, kqi

Fu = .inimnum specified tensile strength of k-. stud shear connector, ksi
Vc = modu t of elasticity ef concrete, ksi.
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For a channel shear connector, the nominal strength is given as:

Qn 0.3(tf +0.5tw)Lc Ffc (15)

where:

tf - flange thickness of channel shear connector, in.

aw web thickness of channel shear connector, in.
Lc - length of channel shear connector, in.

The number of shear connectors, n., required between the section of nuxinum

bending moment and zero bending moment for the usual case is:

0.85fA c
nw= C (16)

For the case of a simply-supported, uniformly loaded beam, nsc shear connectors would be
uniformly distributed on each side of the beam starting at midspan. Thus, the total number of

shear connetors equals twice the number calculated above. Summarizing the AISC
requirements for shear connector placement and spacing:

1) At least 1 inch of lateral concrete cover,

2) Diameter of shear stud not greater than 2.5 times flange thickness, unless located

directly over the web;

3) Minimum center-to-center spacing along longitudinal and transverse directions

not less than 6 and 4 stud diameters, respectively;

4) Maximum center-to-center spacing not greater than 8 times the total slab

thickness.

4. Shear and Bending of Top Slab

This final topic addresses design of the top slab for transverse shear and bending

behavior. Up to now, the primary failure modes considered have been longitudinal bending and

vertical shear of the entire beam. Considerable emphasis has been placed on providing adequate

shear strength to insure that the beam will experience a ductile flexural failure mode. In a similar

vein, the roof beam must be designed to resist transverse shear cracking or flexural failure within

the top slab.
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Figure 7 shows a scheadc cross section of a fdorced concmee or prestressed

conce-ee roof beam. Tha overhanging portion of the top. flange was onidered a cantilever for

analysis and d=gn purposes. Rtinfcrnmt must be provi&d to preclude a flexural fUme or a
shzaring failre as shown. The analysis and design ,escribed in the following sections include

calculation of loads, SDOF apptximstion of a cantilever, and tiexaral and shoar design details.
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directly influence the design load on the cantilevered portion of the slab. Of greater importance
is the distance from the blast.

The most severe loading for designing the overall flexual beam resistance

was represented by a direct hit over the midd of the beam. However, the likelihood of a bit in

the middle is not any greater than a hit at any other location. Therefore, it seems logical and
conservative that the top slab transverse bending and shear strength must be uniform along the
entire beam length. The coresponding design load would be the peak pressure and duration

from the blast For the present case, this design load was a linear decreasing pressure of 675 psi
with a duration of 20 msec.

b. Equivalent SDOF Model of a Cantilever

Analysis of the slab dynamic response is accomplished be using an
equivalent SDOF model that matches the maximum displacement of the tip of the cantilever
under uniform pressure loading. Figure 8 shows a model of the real and equivalent systems
which were used to derve transfomation factors according to the procedure given in
Reference 10.

le (t)

Mt.

PNt) p(t I Ym

I I 74 - I* 
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Real System EguivalentS stem

Figure 8. SDOF Model of Cantilevered Roof Slab.
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Neglecting shear distortion, the shape function used to evaluate the
trasformation factors is:

OW) = x 4 -4L 3 x+3L4  (17)
3L

where x is measured from the cantilever tip and L is the total length. For a structure with

uniform mass (m) along its length, the mass factor Km is determined by:

Km= Me = JmO2 (x)dx (18)
9Mt  ML

and equals 0.26. The load factor KL for a uniformly distributed load p(x), calculated by:

KI = Le e Jp(x)O(x)dxKL Ft pL (19)

equals 0.4. The load-mass factor KLM is the quotient of the mass factor and load factor and is,
therefore, 0.65. The maximum resistance, in terms of unit width of the slab being considered, is
expressed by Rm = 2Mp/L, where Mp is the maximum transverse moment capacity at the
support. Lastly, the stiffnes of the cantilever is k-E1/L3 . The moment of inertia I was taken
as the average gross and cracked section moment of inertia, and for the rectangular cross-section

was approximated by:

bd
3

2a =- (5.5P+0.083) (20)

where:

b = unit width of slab

d = distance from extreme compression fiber to centroid of tensile reinforcement
p = tensile reinforcement ratio = As /bd

The dynamic reaction at the support was derived using the procedure in
Reference 10 for the dynamic equilibrium of the element considering the applied loading,

resistance developed by the element, and the inertial force. For elastic response, the shear force
is V(t) = 0.69R(t) + 0.31F(t), where R(t) and F(t) are the time dependent resistance and loading
functions.
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c. Fext-alDesign

Resistance to flexznl failure is provided by transverse t on
both top and botom of the slab. The anLunt of reinforcement should limit the dynamic response

to a ductility and end rotation that will not result in signifcn deteriocraion of the concrete.

Perfonnance criteria for this vesponse were chosen as 3 for ductility and 2 for rotation at the

support.
The ultimme noent capacity M. was calculated per unit with using the

formula for a singly-reinforced rectangular bcaus

MP = Asfy(d-a/2) (21)

where:

As - area of reinforcing stee per nait width

fy = yield strength of reinforcing steel

a = depth of rectangular stress block

Asfy
A ffi (22)0.85f'c b

Note that the load causes a negative moment condition, hence in the above equation d is

measured from the bottom face of the slab to the middle of ile top ulnsvt-se reinforcing. This

reinforcing should be continuous across the top and bottom of the slab to insure development of

the rebar. It was assumed that this reinforcement would be placed on top of the longitudinal bars

and shear hoops, depicted schematically in Figure 9. The purpose of this arrangement is to

increase the effective depth and use a smaller area of steel. Mvdmuu spacing follcwed the ACI

Code for slab reinforcement, which is the smaller of three times the slab thickness or 18 inches.
In general, smaller bars with a closer spacing will perform better than larger bars. The tighter

spacing will serve to confine the concrete and the smaller bars will develop their strength in a

shorter distance.
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Figure 9. General Configuraion of Reinforcing for Slab Portion of

Reinforced Conmete of Prestressed Beam.

d. Shear Design

The transverse shear capacity of tWr top flange is analyzed and designed

using the formula in 3.C.1 for co.nputing the concrete conzribution and required reinforcement.

The use of ACI Eqn. 11-3 may vuderestimate the shear capacity of the concrete in this case. As

shown in Figure 10, slabs in the interior of the roof rotate during loading and interference with

the adjacent slabs causes thrust to develop. This thrust will be beneficial to the siear capacity of

the 4oncrete Vc. The ACT Code provides several formulas for calculating Vc for members with

axial compression with flexure (ACT Eqn. 11-6 modified with Eqn. 11-7), and without flexure

(ACI Eqn. 11-4 and I!-8). Figure 11, taken from the ACI Code (Figure 11.3), shows a

comparisrn of the shear strength equations for members subject to axial load. This figure clearly

indicates that ACI Eqn. 11 -3 is a conservative lower bound for the shear capacity of , oncrete for

even small vaiaes of compressive stress.
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Figure 10. Development of Thrust in Roof Slabs.
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Figure 11. Comparison of Shear Strength Equations for Members Subject to Axial Load.

Development of an approach to quantify and take advantage of thrust in

calculatLng the concrete shear capacity encountered several difficulties. An accurate
determination of the thrust presents the first problem. Reference 51 presents an iterative

analytical procedure for calculating the thrust developed in a jointed matrial that could possibly

be modified for the present case.

A second problem is that the thrust could not develop near the ends of the
structure or where slabs are not in contact initially. In order for the thrust to develop, a rigid

abutment must exist, such as where an interior beam is in intimate contact with adjacent beams

which are also in contact with their neighbors. Near the ends of the roof, neighboring beams are

not fully restrained from twislaion or rotation. Ths would also occur in the interior where gaps

might exist. Since maximum dyminmic shear occurs very early, it is unlikely that closure of gaps

as the beams and slabs deform over a longer duration will be of any benefit. in light of these
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problems, the influence of Wal thrust was neglected in calculating the shear capacity of the

concrete Vc.
The shear resistance of the slab, given by Vn = (Vc+Vs) must exceed the

peak dynamic shear V(t), after a s1ength reduction factr * = 0.85 has been applied: V(t) < Vn.

Such strength reduction ftctors are not usually included in blast-resistant design where ductility

is allowed. However, since it is essential that brittle failure not occur, some conservatism was

introduced here by including 4.

Because of the diffoity (hence cost) associated with placing shear

reinforcemnt in conventional slabs, the required strength is usually achieved by inceasing the

thickness of the concrete. This is not a viable option in the present case due to the overall weight

constraints. Anchorage of the shear reinfoiement in slabs less than 10 inches thick requires that

stirrups or ties enclose a longitudinal bar at each corner or end. The longitudinal bars being

enclosed are those required for the flexural resistance of the cantilevered slab. Figure 9 shows a

schematic of the flexural and shear reinforcing in the slab.
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SECTION 4. CONCEPT EVALUATION

A. DESIGN PROCEDURE ANALYSIS OF 15-TON BEAMS

This portion of the report describes application of the design method descrlie in Section
3 to a specific problem and set of construction materials. Evaluation criteria were used to

ientify the most proomg roof beam concept. This evaluation initially considered three
concepts (reinforced concrete, prestressed concrete, and composite steel-concrete) and was
based only on farication cost Beam weight was constrained to be 15 tons for comparison
purposes. Subsequently, two other concepts were investigated and the evaluation criteria

expanded to consider additional factors.
The design procedure utilized an iterative approach to proportion the beams and select

the reinforcemet. The basic design variables were width of slab, depth of the beam, and amount

of reinforcement. Sufficient concrete must be provided to adequately anchor and provide

minimum spacing for the reinforcing steel as well as to meet the code requirements for shear

capacity. After a suitable beam was determined, it was then necessary to design the web

reinforcement for the peak dynamic shear. If the web needed additional thickness to
accommodate the shear stresses, it was necessary to reanalyze the dynamic response with the

modified web.
Beams designed for a 50-foot span for each concept are shown in Figure 12. These

beams all weigh 15 tons and satisfy both the ductility and support rotation criteria as indicated in

the figure. The grvphs present the calculated SDOF response for the predicted midspan

deflection and dynamic shear. The conventionally reinforced beam has the stiffest response,

followed by the steel-concrete composite and then prestressed concrete. Table 1 summarizes the
results for the 50-foot-long beams. Note that for the constant weight constraint, the steel
concrete composite beam has a significantly wider top flange, i.e., it is more structurally efficient.

TABLE 1. SUMMARY OF RESULTS FOR 50 FOOT LONG, 15-TON BEAMS

Top Maximum Maximum Ductility Fd Dynamic

Width Resistance Deflection Rotation Reaction

S (ki) . -i U

Reinforced Concrete 24 987.5 12.5 5.9 2.5 615

Prestressed Concrete 34 1,126 19.6 5.1 3.9 701

Steel-Concrete Compsite 52 1_,756 18.8 6.4 3.7 1,210
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A parameter study to evaluate the effects of concrete weight, compressive strength, and

tensile strength was conducted for the 15-ton beams. As summarized in Table 2, the study

encompassed both beam lengths under consideration (20 ft and 50 ft) and the first two
reinf e t concepts (conventional and prestressed). Calculations conidering normal weight
(150 lbft3), high strength (10,000 psi) concrete, with zero tensile resistance capacity were taken

as a baseline to consider these effects. These baseline cases are numbered 1, 6, 11, and 16 in

Table 2. Prom each of these baseline cases, we considered singly the effects of these three

parameters, and then the combined effect (most advantageous) of the three. Specifically, we

considered lightweight (115 It 3 ) concrete, higher compressive strength (12,000 psi), and

inclusion of tensile strength.

For inclusion of concrete tensile sength, we assumed a tensile stress-strain curve

generally similar to that sometimes described for fiber-reinforced concrete. Specifically, we

assumed a linear portion up to the modulus of rupture, and a plastic portion out to a failure strain

defined by a ductility factor of 10.
The feature of merit for this parameter study was taken as the top width of the precast

roof element, since this is an inverse dic measure of the number of beam elements required to

cover a given shelter area. Each roof element was sized for the combination of parameters

shown in the table, while maintaining consistent performance criteria and beam weight.

The results of this parameter study indicate the following:

1. A decrease in concrete weight to 115 lb/ft3 provided an increase in beam width of 19-

45 percenL

2. An increase of compressive strength to 12,000 psi provided an increase in beam width

of 0-8 percent.

3. Considmon of concrete tensile strength, even for fiber-reinforcement, did not

significantly affect uimat performance. In generI, beam bending resistance was

increased less than 1 percent by including this effect.

4. The increase in beam width for the advantageous consideration of all three effects

was 23-45 percent.

This study indicated that the most benefit appears to come from a decrease in concrete

weight, assuming that high compressive strength can be maintained.

45



TABLE 2. PARAMETER STUDY FOR 15-TON BEAMS
ANALYSIS

ITEM CONCRETE PARAMETERS RSULTS

CASK DUAM ugmmaczmr Wuor 1,10W. V, TDUHZE P TOP WIDTH MMCDff

1 20 Conventional 150 10000 0 52

2 20 Conventional 115 10000 0 69 32.7%

3 20 Conventional 150 12000 0 56 7.7%

4 20 Conventional 150 10000 1049 52 0.0%
5 20 Conventional 115 12000 804 70 34.6%

6 20 Prestressed 150 10000 0 67

7 20 Prestressed 115 10000 0 89 32.8%
8 20 Prestressed 150 12000 0 67.5 0.7%

9 20 Prestressed 150 10000 1049 68 1.5%
10 20 Prestressed 115 12000 804 90 34.3%

11 50 Conventional 150 10000 0 16.5

12 50 Conventional 115 10000 0 24 45.5%

13 50 Conventional 150 12000 0 16.5 0.0%

14 50 Conventional 150 10000 1049 17 3.0%

15 50 Conventional 115 12000 804 24 45.5%

16 50 Prestressed 150 10000 0 28.5

17 50 Prestressed 115 10000 0 34 19.3%

18 50 Prestressed 150 12000 0 29 1.8%
19 50 Prestressed 150 10000 1049 28.5 0.0%

20 50 Prestressed 115 12000 804 35 22.8%

B. VALIDATION WITH FINITE ELEMENT ANALYSIS

Fiite element modeling to validate the static resistance functions embodied in the design

procedure utilized the nonlinear analysis program ADINA (Reference 52). The finite element

model consisted of plane-stress two-dimensional elements representing the steel and concrete

portions of the beam while truss elements modeled the shear connectors and longitudinal

reinforcing. Figure 13 depicts a typical finite element mesh for one of the 50-foot prestressed

beams. This particular model includes 400 plane-stress elements for the concrete, 50 truss

elements each for the prestress tendons and compression steel, and 288 truss elements for the

transverse steel.
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Figure 13. ADINA Fbiite Element Grid for 50 Foot Prestressed Beam.

Modeling of the support conditions used spring gap elements to distribute the reaction
from the beam to fixed boundary conditions. The gap elements separate when in tension but

otherwise take compressive forces. This modeling device avoids the high stress concentrations

of supporting the end at one point, or the indeterminacy and possible tensile support of multiple

fixed points. The shortening of the spring eltments is subtracted from the results when
calculating the midspan deflection. In addition, the clear span distance is taken from the middle

of the support springs, one half element away from the end of the beam.

Load is applied incrementally in the form of a uniform pressure over the top surface of

the modeled beam. For each load increment, the analysis program performs successive iterations

until a measure based on the largest displacement difference is smaller than a specified threshold.

In the elastic range, this requires one or two iterations. As the beam begins to yield, 5 to 10

iterations are required and the incremental load step sizes are reduced. The analysis continues

until the solution fails to converge within 100 iterations for a small load step. The nonlinear

analysis procedure requires definition of material stress-stain curves representing the linear and

post-yield behavior of the concrete, rebar, and plate steel. Figure 14 depicts the stress-strain

curves for confined concrete, 60-ksi yield strength rebar, prestress strand, and GR50 plate steel.
The yield points have been factored by the dyiaamic increase factor of 1.1 adopted in the analysis.
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1. Reinfoiced Concrete

FinIt element analysis of the 50-foot conventionally reinforced concrete beam

predicts initial raTcking at approximately 300 kips, reducing the beam stiffness from about

566,000 lMn to about 220,000 lhn, a reduction of about 61%. Then, at approximately 95% of
the design procedure ultimate resistance, the finite element calculation predicts yield of the

reinforcement and a pronounced softening of the beam. The calculaion proceeds at load

increments of 1/2 psi until the beam reaches 7 inches of deflection and convergence of the

solution is not attained. This incremental load for this step represents approximately 0.7% of the

total load. At the last converged load step, the compressive strain in the concrete and tensile
strain in the reinforcing are 0.004 and 0.012 micro swrains, respectively, ie., above crushing and

yield.
Comparison of the design proc '4ure and finite element predictions show quite

close agreement. Figure 15 shows the finite element load deflection results and the bilinear

resistance function utilized in the design procedure for the 50-foot conventionally reinforced

beam.
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Figure 15. Reinforced Concrete Load Deflection Results - ADINA and Design Procedure.
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2. Prestressed Concrete

Results fi m the ADINA analysis of a 50-foot prestressed beam appear in Figure
16. The finite element model attained an ultimate load only 8% higher than the design procedure
value. The computed strain distribution shows very good agreement with the design procedure
maimum and minimum snainc and computed location of the neutral axis. Likewise, the stresses
in the concrete, reinforcing steel and prestess strands were also very close to those predicted by
the design procedure. Note that both procedures account for beam camber (negative deflection)
in the unloaded state.
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Figure 16. Finite Element Results for 50-foot Prestressed Concrete Beam.

3. Steel-Concrete Composite

The predicted load deflection response of the composite steel-concrete beam is
shown in Figure 17. The finite element prediction agrees very well with the design procedure

results. The energy computed by integrating the load deflection response for the design
procedure is only 3.4 % less than that computed by the more sophisticated analysis, out to a
ductility factor of about 6.
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Figure 17. Finite Element Results for 50-foot Steel Concrete Composite Beam.

C. COST ESTIMATE AND PRELIMINARY EVALUATION

During the initial phase of developing the design procedure and concept evaluation, a
criteria of 15 tons was imposed on beam weight. This constraint originated from the expected
availability of a 15 ton crane for placing the roof beams. Allowing each beam to weigh 15 tons
meant that covering a shelter would require fewer beams since each beam could have a wider
slab and stockier web and bottom flange. Furthermore, enforcing a fixed weight on all three
concepts facilitated evaluation based on fabrication cost alone. Thus, a fabrication cost model

was developed for each concept which included material and labor for the items shown in
Table 3.
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TABLE 3. FABRICATION COST ELEMENTS

Item Unit Unit Price

Reba (GR75) lb $0.72
Rebar (GR ) lb $0.69
Prestress Tendons lb $2.00
_.htweitht Concrete g $227.25

Form sf $4.00

Plate Steel (GRSO) lb $0.55

Shear Studs Oa $1.50

stl .eners 1, $0.80
Welding of Order If $6.67

Weidinz of stiffeners If $10.00

Coating sf $1.75

The unit prices in the table are derived from industry standard figures (Reference 53) and
generally cover the major cost components for the three concepts. Estimating fabrication costs

probably oveestimates the price per beam compared to the price of several suppliers bidding on

100 or 1000 such beaim. In such a case, equipment and form costs would be amortized over a

large number of beams, and lower matial and labor unit costs would likely result from
efficiencies in purchasing raw materials and in muamlining labor-intensive processes. Since this

efficiency would likely be realized for all three concepts similarly, the estimated fabrication costs

are useful for comparing the three concepts and providing a relative ranking.

Cost estimates were made for the three beam types for both 20- and 50-foot span lengths.

Preliminmary design of the concrete beams prior to calcuilating costs included selecting primary

reinforcement to satisfy the design procedure, designing the web shear reinforcement, and

designing the reinforcement in the slabs to resist flexure and shear in the transverse direction.

Similarly, design of the composite steel-concrete beams addressed requirements for shear
connectors, bearing and interaediate web stiffeners, weldig and concrete slab reinforement.

Table 4 summarims the estimated costs for the six beams. On a unit width cost basis, the

composite and the prestressed beams were the least expensive followed by the conventional
concrete b-a=. Comparing the short versus long spans, the 20-foot concrete beams include a

large amount of shear reinforcement, making them more expensive overall than the 50-foot

beams. Concrete costs were governed by the constant 15-ton weight, and consequently were

nearly identical for the 20- and 50-foot spans.
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TABLE 4. BEAM FABRICATION COST ESTIMATE

RC2. r 0cs RCS PS20 PS. COM20 COMSO

Rebar $3,289 $3,313 $ 3,091 $1,845 $ 1,365 $ 96

Rebar GR .. 2,290 572 2,674 336 437 152
PresTress emdons 0 0 1,124 2,072 0 0

Lightweiht Concrete 2,186 2,174 2,193 2,168 1,447 1,026

Fons 1,660 2,600 1,312 2M 644 792

Plate Steel (GR50) 0 0 0 0 5,432 7,868

Shear Studs 0 0 0 0 660 345
Stiffeners 0 0 0 0 901 650

Weldina (kirder) 0 0 0 0 1,067 2,668

Welding (stffeners 0 0 0 0 690 640

Coating 0 0 0 0 320 875

Total Cost $9?425 $8,659 $10,394 $8,722 $12,964 $15,111

Width 69in 24in 89in 34in 110in 52in
Cost per uit width (Si) $I,639 $4,3 $1,401 $3,078 $1,414 $3,487

The effect of variations in the uni: costs on the overall cost was also investigated. Each
unit price was assumed to be a uniform random variable within a given range. For example, the

unit price of concrete might take on any value within ±5% of the average value in Table 4. At

the same time, the price of reinforcing and all other materials and labor were also assumed to

vary within the same range. A random number generator was used to determine this variation

and the resulting unit costs were used in a simulation to compute the beam cost for 100 trials.

The results in Table 5 contain the mean fabrication cost, the standard deviation, and the

coefficient of variation (C.O.V.) for four ranges of uncertainty in the unit prices, ±5%, ±10 %, +
15%, and ±20%.

Figure 18 displays the C.O.V. for the three concepts versus the range of uncertainty. The
prestressed concept shows slightly less sensitivity to the uncertainties while the other two

concepts exhibit practically the same variation.
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TABLE 5. MEAN AND SIMULATED VARIATION IN FABRICATION

COST PER UNIT WIDTH OF BEAM

RCSO PS5 COMM
M n Price (Sft) 4329 3078 3487

±5% StdL Deviation 68 $/ft 45 $ft 51 $/ft

C.O.V. 1.6% 1.5% 1.8%

±10 % Std Deviation 126 $/ft 83 $ft 110 $ft

C.O.V. 2.9% 2.7% 3.1%

±15% Std. Deviation 208 $/ft 112 $/ft 166 $/ft
C.O.V. 4.8 % 3.6% 4.7%

±20% St& Deviation 307 $ft 176 3ft 233 $/ft
C.O.V. 7.1% 5.7% 6.7%
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Figure 18. Sensitivity of Overall Beam Cost to Variations in Unit Prices.

54



D. EXTENDED EVALUATION CRITERIA

This section describes the factors, both quantitative and qualitative, which comprise the

extended framework for evaluating results from the design process. Each criteria has an

associated imortance factor or weight which expresses its importance relative to the other

factors.

Fabrication Cost (25%) As previously discussed, faxication cost includes material,

labor, and equipment used in fabicaton. Conventionally reinforced and prestressed cncrete

beams require forming, utilizing "casting beds" which consist of 100- to 500-foot-long steel side
forms and bottom plates bolted or clamped together after positioning of the rwforing steel

Casting beds for prestressed concrete incopor massive reaction blocks and hydraulic

equipment for applying the prestress forces to the steel strands. Many precast yards have forms
for standard shaped beams typically used for highway bridges which, if used or modified for the

roof beams, could resu t in substantial savings.

Fabrication of the steel-concrete composite beam requires the faclities of a steel

fabrication yard for shearing the plat stee, templates to hold the pieces together, welding
equipment and a sandblast/paint shop. Additionally, the sides of the concrete slab are formed

and reinforcing steel bent and tied in position in preparation for placing the concrete in the form
or the composite slab. The steel plate must be protected against corrosion by sandblasting and

painting.

Hadlng 115%4 Handling includes moving beams from one stage to another, i.e.,
fabrication, storage, and erection and includes special precautions and equipment Heavier

beams require greater lifting capacity. Prestessed concrete requires special precautions (and

possibly special equipment and procedures) during the handling to prevent cracking due to the

camber and tensile stresses caused by prestress forces.

storage1U-j Storage addresses life-cycle costs of stockpiling and maintaining the
beams in a ready condition. Besides considering physical space requirements, storage includes

resistance to corrosion and freeze-thaw deterioration of materials and strength properties,
prestress losses from creep and shrinkage, protection from ultraviolet (UV) degradation, and

maintenance of protective coatings.
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&e ai Erection pertains to the degree of difficulty and resources required to
eect the beams on the shelter walls, and includes the influence of weight, number of beams

required per shelter, resistan to breakage, and connection details.

R& h& M )i v riz As used her reliablity implies the level of confidence in the design
and performance of a given concept or atial Extensive enpirc! and theoretical knowledge
of the behavior of specific steel and concrete materials give these traditional concepts an
advantage over newer and less well known concepts.

E. ANALYSIS OF REDUCED WEIGHT BEAMS FOR ORIGINAL CONCEPTS

During the course of performing this analysis and evaluation, the overall beam weight
became a design parameter of exteme importance rather than simply a constraint. The rationale

for this shift was simple: in deploying the shelters, every pound is critical, therefore, the overall
weight of the roof should be as small as possible; sinmilady, the individual beams should be as

light as possible to failitate handling t, and erection. Since this change did not
involve reducing the threat, the only change that could occur was in more eficient utilization of
the construcon materials and structural concepts. In addition to the original three concepts,
two additional concepts utilizing fiber reinforced plastic (FRP) were analyzed. This section
describes the results of the analysis for the three original concepts; the FRP analysis and results
are described in Section F.

The design procedure described in Section 3 was used to design 50-foot beams providing

the same level of protection as before but achieving some weight reduction through optimiing
the design. A similar analysis described in Part A of this Section found that lightweight concrete
provided a sigoificant benefit over normal weight concrete. However, using concrete with
compressive strengths over 10,000 psi and including fibers to enhance the tenile strength had
negligible benefits.

All three concepts were analyzed for a top slab width of 24 inches, i.e., all have the same
applied load. The thickness of the top slab was primarily determined by the depth of the

compression zone required to balance the tension rinforcemenL The thickness of the web must
satisfy shear and stability (for steel) requirements. Figure 19 and Table 6 summarize the results
which show the steel-concrete composite to have the lowest ratio of weight-to-coverage (lb per
square foot) of the three concepts, because the materials could be more eficiently utilized. The

reinforced and prestressed concrete concepts use a significant volume of concrete for anchoring
and covering the tension and shear reinforcement and prestress strands. Concrete also
conmbutes only about 112 the shear capacity of the web, with the rest carried by steel
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reinforcing. Cmversely, the steel-concrete composite benefits from the combined shear and

tension capacity of the web. In the beam mid-span, where shear is low, the web will yield in

flexure, and significantly improve the moment capacity of the beam. Closer to the supports, the

steel web is very efficient in resisting shear.

TABLE 6. DESIGN PROCEDURE RESULTS FOR 50-FOOT

LONG EQUAL CAPACITY BEAMS

TOP MAX. SUPPORT BEAM BEAM
CONCEPT WIflTW DMWT DUC- ROTATION WEIGHT WEGHT

.__________ T ILIT .(.Ri (TONS) .2I M.

Reinforced Concret 24 13.8 6.0 3.4 14.06 281

Prestused Concrete 24 21.0 5.6 4.0 11.34 226

Steel-Concrete 24 21.2 5.2 4.0 7.71 154
CmpoIsite I A I_ I

This same conclusion was observed from the earlier 15-ton, 50-foot beam calculations

(see Table 1) which had slab widths for the reinforced concrete, prestressed concrete, and steel-

concrete composite of 24, 34, and 52 inches, respectively. Corresponding weight per unit area

values were 297, 209, and 130 pounds per square foot. Thus the steel-concrete composite roof

beam covers slightly more than twice the area of an equal weight reinforced concrete roof beam.
An analysis was also performed comparing the dynamic resistance for reinforced and

prestressed concrete beams which weigh approximately the same as the reduced weight steel-

composite beam (e.g. 7.71 tons). In performing this analysis, the slab width remained 24 inches.

The results of these analyses are shown graphically in Figure 20, which plots the bilinear

resistance functions for the three resulting beams. The steel-concrete compocite beam had a

ductility of 5.2 and end rotation of 40. The reinforced and prestressed concrete roof beams are

plotted with their elastic deflection and ultimate resistance out to a center span deflection oi 25

inches. It is evident from this graph that neither of the latter concepts provides anywhere close

to the dynamic resistance provided by an equivalent weight steel-concrete composite beam.
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Figure 19. Comparison of Reduced Weight Beams Having Similar Dynamic Resistances.

58



800 ... ...

Steel-Concrete Composite
700-

600-

C 500-

~400-

-w - 300r
- -- Prestressed Concrete-- ---

200.
200,/ Reinforced Concrete

0 . ..............

0.

0 5 10 15 20 25
Deflection at Midspan (in)

Figure 20. Comparison of Dynamic Resistances for Equal-Weight Beams.

F. ANALYSIS OF FIBER REINFORCED BEAMS

Presented in this section are the work and findhigs from the analysis of two concepts
which utilize advanced fiber composites for reinforcement (in this section, the term "composite"

is used to refer to a maerial that contains oriented fibers in a matrix of either plastic or epoxy).

A resistance function for each concept was developed and an equivalent SDOF model was used
to determine the dynamic response for beam design.

1. Background

The development of high-strength, lightweight fibers, such as E and S fiberglass,

aramid, and carbon has prompted a number of studies of how these materials might be used in

lieu of steel reinforcing, or perhaps wholesale replacement of concrete and steel, to produce
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lighter and perhaps stronger beams. In applications whet chemical and electrical neutrality are
crucial, such advanced composites offer the stregth advantage of steel and the corrosion

resistance of aluminum. For example, replacing steel strands or rods with composite strands or

rods of nonmetali maeils would extend the useful life of ixidge beams subject to attack by
deicing salts or marine eni ts (especially salt water). However, tensioning and anchorage

systems are relatively new and unproven, and the high cost of fibers has slowed implementation

of composites in the majority of a;,licaiors where conventional materials provide a technically

suitme solution.

2. Objective and Approach

The difficulty associatod with anchoring the composite reinforcement may

possibly be solved by using a thin sheet of composite material attached to the outside of the beam

with adhesive. Such an approach has been the focus of several research efforts, including an in.

house FLVCS research program to reinforce concrete beams using sheets of carbon-fiber,
reinforced ptastic (CFRP). Using this approach, the composite reinforcement is bonded to the

bottom and side surfaces of plain con..rete beams where it serves as the tension and shear
reinforcement for the beam.

The second concept considered in this investigation consisted of beams made

from pultuded fiberglass. In this type of beam, continuous filaments (called rovings) of

fiberglass are embedded in a matrix of plastic (polyester) which is thermally cured in a die. The
die can have an open or closed cross-section, creating I-beam or hollow rectangular shapes.

The overall objective of this rese=rch investigation was to develop conceptual
designs for CFRP reinforced concrete beams and puruded fiberglass beams to withstand

conventional weapons effects, and to evaluate their suitability as roof beams for the protective

shelter.
The technical approach follows the general description given in Section 3.B.

First, the static resistance function for the structural element is determined from ultimate strength

analysis with appropriate material models. The resulting strength and stiffness describe a multi-

linear response path when the element is loaded dynamically. The dynamic response is obtained

using an equivalent SDOF model, and the resulting maximum deflection and support rotation

compared with the performance requiements. These steps are repeated to obtain a suitable

design, and then criteria such as shear resistance and overali beam weight are addressed. With
the beam gometry and reinforcing details determined, the fabrication cost was estimated and

values of quantitative and qualitative evaluation criteria assigned.
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3. Concrete Beams with External Carbon Fiber Sheets

Computaion of the flexural strength of concrete beams reinforced with CFRP
sheets assumes a linear strain distribution through the cross-sectional depth, a rectangular

compressive stress distribution, and lne stress-strain behavior for the CPRP material up to
tensile rupture. This method of computing flexural capacity follows the guidelines established in

Sections 10.2 and 10.3 of Reference 3 (with the exception that conventional steel reinforcing is
replacd with the CFRP).

This approach has been used to calculate the flexural strength of concrete beams
reinforced externally with fiber reinforced plastic (FRP) plates (References 54 through 56). and

prestressed sheets (References 57 and 58). Much of this research has focused on developing a

suitable bond between the concrete and external reinforcing plate or sheet. Frequently,
premature failure occurs when tensile cracks form in the concrete prior to reaching the ultimate

strength of the external reinforcing, and the sheet "peels away" from the beam. This failure mode

represents a significant technical challenge that has yet to be solved.

Assuming for the present that no other failure mode will occur, the flexural

strength determinat'on is very similar to that for a conventionally reinforced beam. The location
of the neutral axis, "c," is computed by defining the compressive and tensile forces in terms of the

distance c, as in Figure 21. Enfarcing equilibrium gives an equation that can be reduced to
quadratic form and solved to obtain the neutral axis location. Alternatively, equilibrium of the

concrete compressive force, bottom strip tensile force, and side strip tensile force can be
evaluated by an iterative "solver" available in some spreadsheets. This provides a separate check

of the analytical solution. Detailed formulas for this solution are contained in the caesponding

section of Appendix A. The moment capacity can then be determined by the product of the

compression and tensile forces and their respective distances from the neutral axis.

The beam stiffness was calculated by using the average of the gross and cracked

section moments of inertia. The latter is obtained by taking the first moment of area of the
compression and tension areas with respect to the location of the cracked section neutral axis
"c," After solving the resulting quadratic for "c" the cracked section moment of inertia was

determined using the parallel axis theorem.

61



0.85 f

C.

- * e . .... . .s...J. _.A..

h

Stra]ins Stresses and f cs

Beam

0q

". ,. * , b Ultrmate Se h
(-.. --.

Sheet o1e

• b

2 ~62

*I b

Relnforcing // Strain

Cr'o8s Sectio n Materialo ModelI

Figure 21. Elexural Strength Model for General Externally Reinforced Concrete Beam.

62



4. Analysis of Bench Scale Experiments

Validation of this procedure was accomplished by analyzing the results from a
series of bench-scale beam tests (References 59 and 60). These beams measured 2.0 inches by
2.0 inches by 12.0 inches and were made from a nominal 4200 psi compressive strength concrete

(small aggregate), with a 28-day compressive strength reported to be 4256 psi ("G-mix"). The
beams were reinforced with single-ply CFRP sheets, 0.0075 inches (7.5 mil) thick, attached to

the beams in various configurations (labeled Bearn a through f) and shown schematiclly in

Figure 22. Physical properties of the C(RP sheets and epoxy paste adhesive used to bond them

to the beams are given in Table 7.

TABLE 7. PHYSICAL PROPERTIES OF CFRP SHEETS AND EPOXY ADHESIVE

htem Adbhec tb 73oF 5.2 =0 thick
Item dhesie 1 QC30F sheet: @ 770F~

Coupreshre Stregth (28 days) 12,000 psi N.A.

Compreive Modulus (28 days) 830,000 psi N.A.

Tensile Strength (14 days) 3,600 psi; 0.4% 310,000 psi; 1.4%

elongation elongation

Tensile Modulus (14 day) 750,000 psi 21.5x 106 psi

.Lexural Stregth (14 day) 4,400 psi 260,000 psi

Tangent Modulus in Bendina 100,000 psi 18.5x106 psi

Shear Strength (14 day) 3,400 psi N.A.

Bond Strength (2 day dry cure) 3,300 psi N.A.

Bond Streveth (14 day moist core) 2,40 psi N.A.
1 SAkdu 31. -od Gd, SUm Cwpois Lymubua. NJ.
2 Magpuiw aphiw PM ps ASw A oM1-6, H-l In., WaWpo. O.

Loading was applied in two locations, 1-1/2 inches from the centerline, as shown

in Figure 22. This load configuration causes a 3.0-inch-long constant moment zone in the middle

of the beam. Shear spans of 3.0 inches between the points of load application and the supports

cause these beams to be classified as "deep" beams in terms of their shear behavior. Unless

otherwise rei.forced, the behavior of such beams is governed by the shear capacity of the
concrete rather than the flexural strength developed by the tensile reinforcement and compression

concrete (Reference 48, pp 17 7 and 191). It was assumed that the external reinforcing provided

additional shear capacity so that the beams would fail in flexure. Flexural strengths were
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detwmined, for the diffcnt nenfoivemet options using the smpHfzd models shown in Figure
23. The measured and computed capacities for these beams are summm d in Table 8 and in

Figure 24.
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Figure 22. Lab Specimen Reinforcement Configurations and Loading Geometres.
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LAB TEST ANALYSIS PROCEDURE

LA. E~ b Beam b) k c)

,o -\pshe Tb

L

P / 2  O.Sfc

I 0.85t¢

Beam e)

Assumptions:
1) Strains vary ineorly from neutral axis to extreme fibers
2) Compressive stress modeled as rectangular stress block
3) Maximum compressive strain in concrete of 0.003
4) Tensile stress in CFRP sheet computed by assuming a

ineor stress-strait response with modulus 21.5 E-6 psi
5) Tensile force in side sheet acts at centroid of trapezoidel

or triangular stress distribuion.

Figure 23. Labom y Specimen Flexural Strength Models.
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Figure 24. Comparison of Computed and Observed Load Capacities

of Laboratory Specimens.
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TABLE 8. 4-POINT BENDING OF EXMERNALLY RE FORCED CONCRETE BEAMS

Unit Meaftrd Ultimate Load (b) Computed Flural Capacity (b)

No Reinf. 560 564

Ba-)650 564

Bam b) 3100 3534

Beam c) 3500 3534

Beam d) 4100 3818 (neglecting compressive CFRP)

4100 4024 (ncluding comssive CRFP)

Beam d) 3860 3850

Beam f) 2650 (shear 3534

The computed capacities generally agree with the measured ultimate loads.

Specific observations for each case are summarized below:

Beam a): CFRP sheets bonded to bottom and sides of shear spans, but not the

center span, did not improve the flexural capacity compared to an umeinforced beam. The

flexural capacities are based on a modulus of ruptue of 635 psi, or approximately 10 c which

is typical (Reference 61).

Beam b): A CERP sheet bonded the full length of the bottom and on the sides of

the shear spans improved the load capacity. The nominal shear capacity of the concrete beam

without shear reinforcing is approximately 520 pounds (based on ACI Eqn. 11-3). Thus, a shear

failure would occur at a load of 1040 pounds without any benefit from the extemal reinforcing.

Since the beam failed at approximately three times this load, the CFRP strips on the bottom and

on the sides apparently contributed to the shear capacity of the concrete.

Beam c): This beam configuration had CFRP sheets bonded the full length of

the bottom and the sheets on the sides cuvered the shear spans and overlapped 1/2 inch onto the

middle span. The measured load agrees within 1% of the theoretical flexural capacity.
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Bean d): CFRP sheets were bonded the full length of the beam on the bottom

on lower half of the sides. Measured and calculated ultimate loads agree within 0.3%.

Beam e): This beam was entirely covered with CFRP sheets except for the top

surface. Including the contribution of compressive stress in the CFRP strip above the neutral

axis, the computed flexural capacity agrees within 2% of the actual measured ultimate load. If

the compressive stresses are neglected due to possible buckling of the thin strip, the calculated

capacity is 7% lower than the measured load at failure.

Beam): This beam had a full length CFRP sheet on the bottom and no CFRP

sheets on the sides. Instead, at least one side was completely covered by a photoelastic laminate

It is postulated that this beam failed due to shear cracking, and that the bottom CFRP sheet, and

possibly the photoelastic sheet, provided additional shear strength to the concrete.

The preceding flexural calculations predict that stress in the CFRP sheets never

reaches the reported ultimate strength of 310 ksi, and hence capacity is limited by the concrete in

compression. Computed strains in the bottom CFRP sheets were between 0.007 and 0.009,

corresponding to stresses between 150 and 200 ksi. These stresses are approximately 1/2 to 2/3

of the ultimate strength of the CFRP material. In conventional reinforced concrete, this

condition corresponds to an over reinforced section, wherein the tensile reinforcement does not

yield before the concrete reaches a maximum compressive strain. The thicknesses of CFPR

sheets required to attain an extreme fiber tensile stress of 310 ksi simultaneously with 0.003

compressive strain in the concrete were calculated to be 3.3 mils for Beams b) & c), 1.96 mils for

Beam d) and 1.83 mils for Beam e).
An analysis of conventionally reinforced beams with comparative flexural

strengths was also performed. This analysis was based on singly reinforced beams with 60 ksi

rebar and an effective depth d = 1.8 inches. To develop the same moment capacity, the

reinforcing ratio p = As/bd for Beams c), d) and e) were found to be 1.55%, 1.74%, and 1.88%,

respectively. These represent normally reinforced beams with reinforcing ratios in the

neighborhood of 50% of "balanced failure," as defined by the ACI Code. Typical beams have 35

to 50% of balanced reinforcement, or 1 :o 1.5%. Therefore, similar flexural capacities could be

attained with a modest amount of conventional reinforcing.

In addition to the two-point load tests described above, tests were also performed

on beams where the load was placed in the middle of a simply supported span. These beams were

made from the same nominal 4200 psi compressive strength concrete and reinforced with CFRP

sheets with one, two, and three plies of unidirectional carbon fibers bonded to the bottom of the

beams. The thicknesses of these sheets were 0.0075 inches, 0.015 inches, and 0.0175 inches
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respectively. The results of these calculations are summarized in Table 9 and the lower half of

Figure 24.

TABLE 9. SINGLE POINT LOAD BEAM TEST RESULTS

Unit Experital Ultimate Computed Flexural
L.omd (lb) Load 2Wb

No ReIf. 376 376

one Ply 1315 2356

Two Plies 1543 3023

Three Plies 1916 3182

The experintal breaking loads were lower than the predictions for flexural

capacity for the beams with reinforcing probably due to shear failure. Increasing the amount of

rinforcing from one to three plies gives the beam increased shear resistance, but the increase is
much less than for beams with shear reinforcing on the sides.

Conventionally reinforced beams with no shear reinforcement show a trend of
greater shear capacity with increasing amount of reinforcing. Greater reinforcing ratios cause

inclined cracks to be narrower. and hence aggregate interlock accounts for some improvement in
the shear capacity (ference 48). This same phenomenon could account for the somewhat
higher breaking loads exhibited by the two- and three-p'ly rinforced beams. This conclusion is

supported by single point load tests on similarly reinforced beams made from cement paste

without aggregate. In these tests, a sualer incremental strength gain occurred going from one
to two plies, and no strength gain occurred going from two to three plies.

5. Dynamic Response of Full Size CFRP Reinforced Beams

The dynamic response of full size CFRP beams was analyzed to determine
whether this concept offered any potential for use as roof elements for protective structures.

Since CFRP has a unit weight which is a fraction of steel, has extremly high tensile strength, and

can be placed on the bottom surface, there exists a potential for weight savings. Therefore, using

the procedure for calculating flexural strength and the dynamic analysis method previously

described, 20- and 50-foot-long beams were designed for the assumed loading.

In computing the flexural capacity it was assumed that tensile rupture of the

carbon fiber sheet or crushing of the compression concrete would control the ultimate strength of
the beam. Consistent with these assumptions, the dynamic response of the beam was limited to a
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ductility factor no greater than 1.0. This represents a significant performance penalty,
nevertheless, the mechanical behavior of the CRP rinforced concrete beam precludes the

allowance for any higher ductility.
It was also assumed that shear failure of the beam would be completely prevented

by either the CFRP sheets or conventional shear reinfoment and also that the CFRP sheets
were perfectly bonded to the concrete. Additional assumptions were the same as before with
respect to dynamic load magnitudes and durations, transformation to an equivalent single-

degree-of-freedom model, concrete strength and soil cover. No dynamic increase factor was

applied to the cmrbon fiber strength.

Analyses were conducted for 24-inch wide, 20- and 50-foot-span lengths

reinforced with thin (1/4") and thick (2") layers of CFRP bonded to the bottom and sides of the

web. These two thicknesses were chosen so as to obtain some idea regarding the range of
possible design outcomes. Note that the CFRP sheets used in the lab scale tests were very thin

(approximate thickness 0.0075 inches). To obtain a 1/4-inch-thick reinforcing layer woula

require a different manufacturing process more like the putrusion process. The required beam

sizes summarized in Table 10 and shown in Figure 25, indicate that the concept of using carbon

fiber sheets to reinforce concrete beams requires very heavy beams. Included in the table for

comparison are the results from the preliminary analysis of 15-ton conventionally reinforced

concrete (RC) beams.

TABLE 10. SUMMARY OF FULL SIZE CFRP BEAM SHAPES

CFRP Beam Weight Weight per SF
CASE Thickness
20' CFRP 1/4 inch 6.2 tons 309 lb/sf
20' CFRP 2 inches 6.4 tons 318 lb/sf
20' RC N.A. 15 tons 261 lb/sf
50' C RP 1/4 inch 33.8 tons 675 lb/sf
50' CFRP 2 inches 38.3 tons 766 lb/sf
50' RC N.A. 15 tons 300 lb/sf

The size of the beams is attributed to the inherently nonductile and stiff flexural

behavior of the beams. In order to develop the necessary strength and stiffness, the beams must

be very deep, resulting in a large amount of concrete in the web. Figure 26, from Reference 10,

plots the maximum response of an elastic SDOF sy, tem subjected to a triangular load pulse with

zero rist time. Plotted on this graph are the 20- and 50-foot 1/4-inch CFRP reinforced beams.

The combination of mass and stiffness for these beams cause their natural periods to be close to
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the duration of the load pulse. This condition requinm the maxkinwn beam resistance to be
greater than the applied lod for a ductility of 1.0. Ccmsequaidy, these extmually reinforced
concree beams have a poorer weight to coverage ratio than the least efcient of the dm
previously considered concepa discussed in Parts A and E of this sectio.

An esmate of the cost to fairicate thse beams was based on the cost of the
fibers and the concrete farming and placing costs. The ptice of carbon fibers depends oa the

process and quality of the fibers, with a possible range of $12 to $85 per pound (Reference 62).

The low-coat. high-strengih graphite fibers used for reinforcing the lab-scale beams have an
appoximate cost of $25 per pound. Unkirectional continuous fibers (tows) that might be used

for pultrusioi would be in the $15 per pound range, whereas woven fibers having biaxial strength
are in the range of $80 per pound (Reference 63). FW the present case, a price of $20 per pound

was assumed for the carbon fibers, and the fiber content was assumed to be 60% by volume of

the reinfor cent- Since the fiber cost dominaws the pric of the composite, the composite cost

considerad the fiber cost only. Manufactrng the reinforcing sheets and bonding them to the

concrete beam would incur additional cost, but since these are completely unknown, they were

not included in the estimate. Therefore, the estimated cost represcnts a very approximate Ig

bound.

50 foot SpWn

50 foot Span
24. 0'

20 foot Span
24.0'

20 foot Span

_ 24.0' 0_

CIO-
CFR

38.3 tons 6.40 tons 33.8 tons 6.20 Tons
766 Ib/SF 318 b/sF" 675 Ib/SF 309 Ib/SF

Figure 25. Full Size CFR" Beam Required for Dynamic Loads.
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Estimates were made for the 20- and 50-foot "ams with 1/4 inch of CFRP

reidoemen, The analysis showed no benefit from using thick shet! of reinforcing. The

esdritd costs of thea two beams are $7150 (20 foot) and $33,650 (50 foot), which equates to

$71.50 per square foot and $336.50 per square foot of coverage, respectively. For both beams

the fiber cost represents approximately 73% of the toml cost of the beam.

20'
: 1o4- ,,,so, ,C,,W

20' Fiberalass

081
T 50' Fiberglass

a0.2 - ---------a--

I 0I

0 .0o 0.1 1 1o
td/T

Figure 26. Maximum Response Chart for Elastic SDOF Systems Showing CFRP

and Fiberglass Beatm !Iesponses.

6. Pultruded Fibergass Bers

Pultraded fibeVass beams are comertially manufactared in a variety of

structural shapes and compete with steel, wood, and alumnium in applications where strength,

light weight, corrosion tesismnce, and elecuica ron-conductiAry are required. Because of iz.

good strength to weight raio, PuliTuded fiberglass beens were investigated for roof beam

elements for prflcive smictures.
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The starting point for this investigation was to evaluate the dynamic capacity a

commercally available product. The largest rectangular section available from a manufacturer of

such products (Reference 64) has dimensions 9 inches wide by 11 inches deep with 3/4 inch wall

thickness. This beam weighs approximately 500 pounds for a 20 font span. Analysis showed

that a 20 foot beam would resist a dynamic load of approximately 120 psi with 25 msec duration

(Reference 65). roughly the equivalent of a hit from a 250 lb OP bomb. The same beam
spanning 50 feet will support static load from slightly under 2 feet of soil with no extra capacity.

Therefore, to resist greater dynamic loading, such as those used for the other concepts, a thicker

and heavier beam would be required.

The design of such a beam used design assumptions developed in Reference 64

and summarized as follows:

1) Flexura strength is determined by the maximum allowable stress in the flange; this

may be governed by tensile failure in die tension flange or buckling of the

compressive flange. The flexural strength is:

Fu 0 .85 < 35,000 psi (23)

where:

Fu = ultimate flexural stress, psi

E = modulus of elasticity for material

= 3x10 6 psi

b = width of beam, inch
t = wall thickness, inch

The allowable bending stress Fb has a factor of safety of 2.5:

F= U  (24)

2.5

2) Shear strength is determined from the allowable shear stress

Fv = 4000/3.0 = 1,333 psi.

This approach is based on empirical results from tests on many beams by one

marnfacturer, and is appropriate for the prelminary investigations described herein. A more

rigorous and general analysis is presented in Reference 66 for designing pultruded beams with
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open and closed cross sections, different fiber and matrix materials, and various fiber

orientations. The procedure is rather lengthy and was not used in this preliminary invetigtion.

For the dynamic analysis, tensile and shear strength values Fb and Fv were not

reduced by the factors of safety given above. The ductility factor was limited to no more than
1.0 because of the brittle response associated with tensile ruptur, buckling and shear failure.

A box-beam was considered for several reasons. With two webs to carry shear,

the ultimate strength is less likely to be controlled by shear. The box beam shape is also more
stable in resisting lat ral-torsional buckling due to the increased stiffness of the top flange.

Thirdly, the top flange of an I-beam might need special attention to resist the transverse bending

and shear stresses from the blast pressure acting on the cantilevered flanges.

Two cross-sections designed for a 20-foot span are shown in Figure 27 along

with the 9 inch by 11 inch commercially available beam mentioned earlier. Both beams have

overall dimensions of 12 inch wide by 28 inch deep but differ in wall thickness and number of
webs. The single-box beam was governed by shear and required a wall thickness of 2.7 inches.

The double-box beam required a wall thirckness of 2 inches to achieve adequate resistance for a
ductility of 1.0. The two beams weigh 1.57 tons and 1.61 tons respectively with ratios of weight
per area of 157 and 161 pounds per square foot.

Doubling the width of the beam from 12 inches to 24 inches required a cross-

section 38 inches deep with four webs, each 2.5 inches thick. Shear governed the thickness of

the webs, therefore, the flexural ductility was slightly less than 1.0. The weight of this beam was

3.78 tons, resulting in an urcal weight of 189 pounds per square foot.

12.0

'.7'
Aival Ile

1.57 tau 1.61 ta a
157 lb/SF 101 lb/SI

Figure 27. Pulmided Fiberglass Beam Designs for 20-Foot Roof Span.
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Achieving a 50-foot span required the beam cross-section shown in Figure 28.
This double-box beam has overall dimensions of 18 inches wide by 44 inches deep with 2.15-
inch-thick walls. This beam weighs 6.88 tons and has a weight per area ratio of 183 pounds per

square foot.
Estimating the fabrication cost for these conceptual beams is very speculative,

because of the unknown cost of tooling and other equipment required to produce extremely large

custom shapes. An estimate was, therefore, made using the cost of the fibers, assuming that this
'will represent the bulk of the material cost. Using $0.75 per pound for E-glass, and a 50% by
volume fiber content, the weight of fibers was estimated for the beams described above. The 20-

foot-long, 9-inch by 11-inch by 3/4-inch beam would cost approximately $230. The 20-foot-

long single-box beam has a fiber cost of $1540 ($77 per square foot) and the 50-foot-long

double-box beam has a fiber cost of $6750 ($90 per square foot).

6.88 1'are
184 Ib/SF

Figure 28. Pultruded Fiberglass Beam Designs for 50-Foot Roof Span.
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7. Conclusions and Recommendations

The use of concrete beams with external CFRP reinfarcing does not represent a

viable concept for roof beams at this time. The ultimate flexural strength is characterized by

brittle faium modes, either in tension rupture of the CFRP fibers or crushing of the concrete.
Therefore, such beams must remain elastic. In blast-resistant and seismic design, members
designed for relatively large ductilities require a fraction of the static strength of an clastic
member and are, dtefore, much mn economical

Pultruded FRP beams were also analyzed, and found to have acceptable
performance and weight, even though they also were liited to a ductility factor less than 1.0.
The chamcteristics of these beams which permits them to work are their flexibility and low mass.
Thc;e beams had relatively long natual periods compaed to the duration for the dynamic load.
Figure 26 shows a SDOF response graph with the tjr ratios for the 20-foot and 50-foot beams
and their corresponding dynamic load factors. For these two beams, the required resistances are
90% and 40% of the applied load.

While beams with wall thicknesses of 2.5+ inches were designed. manufacturing is
limited to sections with wall thicknes less than 1-1/4 inches. This limitation is related to the
thermoset curing process which is exothermic and very rate sensitive. Problems occur with void
inclusions when thick sections are manufactured Another limitation in the manufacturing
process is the overall size of the beam. As the overall beam size hicreases, Larger pulling forces
are required to overcome surface friction within the tool. The largest ecangular shape currently
available is 9-inch-wide by 11-inch-deep with 3/4-inch wall thickness. The largest open cross-
section is an I-beam with 24 x 3/8 inch web and 7 x 3/4 inch flanges.

The thick-wall shapes were designed using a very simple design procedure that
applies to a specific manufacruers' standard products. Customizaion of the fiber ind matrix
composition could possibly reduce the thickness of the walls and overall size of the beams. The
required design procedure becomes more complex, as the beam must b, trated as an orthotropic.
laminated materiaL Should there be a need to pursue this concept, it should incLude a rigorous
analytical and exeimental effort to quantify the global behavior of the beam and local behavior

of its individual components. An example of such Pn investigation is described in Reference 66
which found that local buckling of the compression flanges introduced a failure mode that
eventually resulted in material degralation and total failure of the beam. This soumne develped

analytical solutions to prdict this behavior based on either measured or computed material
properties.
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Another consideration usciated with pultruded beams is the cifect of

temperature on retention of physical properties. This characteristic is highly dependent on the

composition of the matrix material Recommended approximate values for retention of ultimate
stress and modulus of elasticity for several proprietary resin systems are given in Table 11 below.

TABLE 11. PHYSICAL PROPERTY RETENTION
FOR TYPICAL PULTRUDED BEAMS

Temperature Resin System Resin System
"A" "B"

Ultim te Stress

1000 F 85% 90%

125" F 70% 80%
1500 F 50% 75%

Modulus of Elastidty

1000 F 100% 100%

125* F 90% 95%

1500 F 85% 90%

F, FINAL EVALUATION

Five concepts were considered for roof beams for a rapidly erectable protective shelter.

This section briefly r'-views the results from the prceding aulysis, and evaluates those results

within the framework of the evaluation criteria described b, Section 4.D. Reasons are given for

the ratings given to each concept. The objective of this evaluation was to select the most

promising concept for ftrther validation with laboratory tests on prototype beum.
The five concerts considered in this stwdy were: rehiforced concrete (RC), prestressed

concrete (PS), steel-concrete composite (SC), concrete with external carbon fiber plastic

reinfcrcement (CFRP), and glass fiber reinforced plastic beams (GFRP). The criteria and
weighting factors by which the concepts werte evaluated consisted of: fabrication cost (25%),

handling (15%), storage (15%), erection (25%), and reliability (20%). A relative rating between

one and five, with five representing the best and one representing the poorest, was assigned to

each concept fmr each criteria. A final score was then obtained by summation of the products of
the weighting factors tit, the ratings.

In arriving at the relative rankings, the surnmar information in Table 13 was considered

along with otier snbjective factors. In fabrication, mass production and lw material costs favor
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prestressed, steel-concrete composite, and GFRP. While reinforced concrete and CFRP

concepts can be mass produced, they require more labor-intensive fabrication related to installing

larger quantity of shear reinforcement or bonding of external reinforcing. Evaluation of handling
was based on weight and toughness of the beam. Reinforced concrete and CFRP beams weigh

the most, while prestressed is subject to breakage because of prestressed-induced tensile stresses,

and the CFAP and GFRP can be damaged by abrasion or gouging of the fibers. On the other

hand, steel concrete composite had medium-weight and could withstand fairly rough handling
without significant damage.

TABLE 12. SUMMARY INFORMATION FOR CONCEPT EVALUATION

CONCEPT COST ($/SF) EFFICIENCY (LB/SF)

.._ 20 FOOT 50 FOOT 20 FOOT 50 FOOT

RC 82 87 260 281

PS 70 62 202 226

SC 71 70 163 154

CFRP 72 336 310 675

GFRP 77 90 160 183

In storage, reinforced concrete appeared to be the least sensitive to exposure and long-
term effects. Prestressed will undergo time-dependent creep which may increase the amount of
camber for high levels of prestress; in addition, prestressed would likely have narrow cracks in

the top slab due to tensile stresses that could allow water and moisture into the beam. The steel-
concrete composite beams would require coating to seal the steel girder from moisture and,. thus,

corrosion. CFRP and GFRP have temperature and UV sensitive matrix materials, and unless

properly stored could experience strength loss over the expected 20-year lifetime.

Rankings under the erection criteria were related to total beam weight and weight per

area. GFRP beams were rated the highest because of their overall light weight and smaller size.

Steel-concrete composite, prestressed, reinforced concrete, and CFRP were ranked according to
their weight per unit area. Consideration was not given to integration with the shelter wall;

however, this will most likely be an important design consideration when the roof beams and

reinforced soil wall are combined. Design of the abutment and ends of the beam will take into

account bearing and shear stresses, anchorage of tensile reirforcement, and anchorage for

rebound.

Finally, the reliability criteria subjectively ranks the confidence one has in the concept to

perform as designed. This includes a knowledge of the component materials (steel, concrete,
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GFRP, and CFRP), the way these mateials are combined into a structural member, and

knowledge of the past performance of similar structural elements under static and dynamic loads.

Steel-concrete composite received the highest ranking;, in this concept two very well understood

materials are combined in the least complicated system of the five concepts. Reinforced concrete
is ranked next, and shares the same advantages of steel-concrete composite. However, this

concept relies extensively on high performance, lightweight concrete to reduce the weight of the
beam. Although recent research supports the validity of traditional design assumptions, actual

design experience is relatively sparse. This same logic applies to prestresed, with the additional

uncertainty that protective structures bitotically have not utilized prestressed concrete. Finally,

GFRP and especially CFRP concepts have significant uncertainties and assumptions that must be
further investigated before they can be used with confidence for blast-resistant structures. The

final rankings for each concept, considering all of these factors is presented in Table 13.

TABLE 13. EVALUATION OF CANDIDATE BEAMS
CRITERIA WEIGHT RC PS SC CFRP GFRP

- m -

Fabrication 25% 2 5 4 1 3

Handling 15% 2 3 5 1 4

Storage 15% 5 3 4 1 2
Erection 25% 2 3 4 1 5

Reliability 20% 4 3 5 1 2

Total 2.85 3.5 4.35 1.0 3.3

The combination of low fabrication cost, structural efficiency, and confidence gives steel-

concrete composite the highest ranking of the five concepts. The importance given to weight of
the beams is apparent by the relative scores for reinforced concrete and GFRP. Reinforced

concrete has been and will continue to be a predominant construction method for protective

structures. However, GFRP appears promising and warrants further investigation because of its

low weight and good strength properties. One possible use might be in a two way roof system

for a reduced threat scenario. Such a roof, shown in Figure 29, would consist of primary steel-
concrete composite girders on 15, 20 or 25 foot centers supporting lightweight, elastic beams

placed on top of the girders to form the roof of the shelter. GFRP beams, or custom built FRP

composite panels, would be a leading candidate for the lightweight elastic beams.
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Figure 29. Proposed Lightweight Two-Way Roof System

Using Pultruded Fibergiass Beams.
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SECTION 5. ENHANCING BEAM DUCTILITY WITH CONFINED CONCRETE

A. CONFINED CONCRETE ANALYSIS

Design procedures for rnforced concrete are predicated on the assumption that concrete
exhibits brittle failure at small straint Dsign of structural elements to respond in a ductile mode
has been accomplished by limiiing the effective tensile reinforcing ratio and through the addition
of compression reinforcement Design of columns and joints to resist seismic induced loading
relies on the use of transverse reinforcing to confine an interior concrete core. The effect of
closely spaced shear reinforcent in conjunction with compression reinfoiverat in beams has
been recognized for some time (References 26 and 27). As a result, seismic provisions of the
Aal Code (Reference 3) require closely spaced hoops in flexural members where yielding is

likely to occur (21.3.3.1 and 21.3.3.2). In the present study, an analytical method was used to
quantify the effect of using confining reinforcement on the strength and ductility of the concrete

slab in the steel-concrete composite concept

1. Background

The compressive strength of concrete f 'c is determined from axial compression
tests of cylindrical specimens. Stress-strain curves (Reference 48) for typical concrete specimens
of various strengths are shown in Figure 30. Normal strength concrete has peak stress values of
3,000 to 4,000 psi at a corresponding strain of 0.2%. After the peak load is reached, the
concrete gradually loses strength and will completely fil at strains between 0.3% to 0.4%.
When concrete is tested under triaxial loading, with lateral confinement, provided by a
pressurized fluid, two changes occur the strength improves dramatically and the peak and
ultimate strains become very large. For example, Figure 31 shows stress-strain curves

(Reference 48) for a concrete with f 'c = 3600 psi under increasing triaxial pressures. These test
results suggest that the longitudinal stress at failure, a1, increases linearly with the confining

pressure, 73, viz.,

0l = 'c + 4.1- 03 (25)

In addition, strain at peak stress tends to increase with increasing confining stress. The benefit of
this phenomenon in auctural applications has been studied extensively, with particular regard to
seismic design of columns and beam-column joints. A comprehensive state-of-the-art review of
this subject is contained in Reference 68.
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Under Triaxial Load Conditions. (Reference 48)
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2. Analysis of Confined Concrete

The concrete slab potion of the steel-concrete composite roof beam experiences
compressive stresses similar to a column under axial load. While the strain distribution is not
uniform hum bottom totp, the stress dimibution approches a nearly uniform distribution.
This condition is illustrated tically in Figure 32 showing the idealized linear swain

distribution and correspoig stresses for a steel-concrete composite beam near its ultimate
capacity with its neutral axis in or near the top flange of the girder. A schematic load-deflection
curve in the figure shows three generl response levels, an initial elastic region prior to yielding
of the tension flange, a plastic region where the steel section pogiessively yields, and a post-
peak region after crushing of the concrete. After the concrete slab loses integrity, the residual
load capacity is determined by the steel girder, including any local failure modes. The last region
of response is not of interest in design.

A ... ,** * °4. :A
_&A: . ......

SelGirder

crufle
-Steel Girder

Yield$

Figure 32. Typical Steel-Concrete Composite Beam Stresses, Strains,
and Load-Deflection Response.
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As the concrete becomes compressed in the longitudinal direction due to
development of the internal moment, it expands in the transverse direction (similar, but to a

smaller degree as a rubber eraser gets fatter when squeezed). This lateral expansion can be
resisted by wternal pressure, as in a triaxial load test, by an external jacket (Reference 69), or by

inwal reinforcing. In czrular cross-sections, spiral rebar cages are very effective, and for

square or r tangular cross-sections, hoops and cros-ies have been used very successfully. The
transverse einforcing provides stiffness to and enables the longitudinal bars to confine the

concrete core. Figure 33 illustrates schy a square column under axial conm on with

various configuraions of longitudinal and transverse reinforcing. The longitudinal rebar is
stiffened by closely spaced transverse hoops and ties and develops significantly moe confinement
than if they were absent. This confinement is depicted for three different cases along with

typical stress-strain curves for the confined concrete core. In general, an increase in transverse
reinforcement and/or a decrease in tie spacing increases the strength and ductility of the confined
concrete core. The analysis described next characrizes this effect and estimates the resultant

stress-strain behavior of the confined concrete.
Many models have been proposed to describe the interaction of concrete and

confining reinforcing. Rather than evaluate the merits of all the confined concrete models, a

model was chosen that had moderate complexity and good predictive capability based on
comparison with a large number of experimental results. This model computes the peak stress

and strain for specific geometric and material parameters, and uses these values to estimate the
stress-s-rain behavior of the confined concrete. The analysis described next is taken from
Reference 70.

a. Generalized confined compressive strength.

The analysis replaces the coefficient 4.1 and value of confining pressure ca3 in the

previously described linear relation between concrete strength and confining stress with

computed values, i.e.,

f 'c = f& + k1fle (26)

where:

f 'cc = confined compressive strength

f 'co = uco-.Tmed compressive strength
kI  = coefficient determined by calculation

fle = equivalent confining stress by calculation
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Figure 33. Behavior or Symmetric Axially Loaded Members with
Different Levels of Confining Reinforcement
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b. Squar, Symmerically reinforced columns.

The equivalent confining stress, ,le, approximates the variable stress (lateral rs=aint)

shown in Figure 33 with an equivalent unform value. For the case of closely spaced bars and

crosiftes in Figure 33, the pressr distribution is ieed close to uniform. Wher the rginf ng
consists only of corner bars tied with perimer hoops at large spacing, the confining pressure is

much more variable in both directions. Therefore, an equivalent uniform pressure was estimated

byn

fie = k2 fl (27)

where:

k2 =3.1,1° s(-t-7_) L o (28)
Vs s1 f1

and-

A Asfy (29)
sbo

bc =center to center distance of perimeter hoop

reinforcement.

As - area of transverse reinforcement in one dhction.

fyt yield stress of transverse reinforcement, ps.

s,sl = spacing between transverse ties and longitudinal bars respectively.

The coefficient k, in Equation 26 is then calculated as:

k, = 15.6(fle017  (30)

The equation for fl, applies to square columns with equal r-inforcing in both directions.

c. Rectangular, Unsymetically Reinforced Column.

For the rectangular cross-sectior shown in Figure 34, Ohe previous relationships for

square columns were modified to account for different widths, i.e., bcx and An equivalent
laeral pressure is calculated as:
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fxbcx + fbcyf =....(31)

This relationship is shown in Figure 35. The values in this equation art calculated for each
direction using modified forms of equations 27 through 29.

fk=k2x fix

k2x =3.1 (32)

fix= 
fy

sb,,

Similar equations are used for

,p I "o "oIF IF , v --Fif I

b

Figure 34. Biaxial Confinement in Rectangular Membe.
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4. Confined concrete ;tess-strain curve.

After calculating the maximum strength f ', the corresponding strain is

calculated by the expression:

el = e0 1 (1 + 5K) (32)

where:

el = strain at peak stress

e1 = -train corresponding to peak stress f 'co determined under same rate of

loading as t ri used for the c:nfined concrete
- 0.002 for low rate of loading

and:

K=kl~fle (33)

Co

The parabolic rising branch of the stress-strain curve is then

,=fc )2]I/C1+2k) 5f, '(34)
f--fcc el el fc

as shown in Figure 35. The linear descending branch is defined by the strain at 85% of f 'c.

Analysis of column tests were used to determine the relationship for this strain as:

e85 = 260 p El + £085

Where eM5 the strain at 85% of the unconfined compressive strength after the

peak

E = peak strain for confined concrete

p = transverse reinforcing ratio

8As
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The summation indicates the total area of transverse reinforcement in two directions crossing bcx

and bcy. If eo85 is not determined by tests under the same rate of loading as the confined

concrete, a value of 0.0038 may be appropriate for siow loading rate. The post-peak strength

descends linearly to 20% of the peak value f 'c after which it is assumed constant.

The linear descending branch is highly influenced by the amount of transverse reinforcement

providing restraint to the longitudinal bars. As the outer skin of concrete is assumed to be failed,

sufficient lateml restraint must be provided to keep the longitudinal bars from buckling. This is

an extremely important point, in that if the longitudinal bars buckle, they can no lc -ger confine

the concrete and the descending branch of the stress-strain curve is steep and rapi4i i.e., failure is

rapid and catastrophic.

+cc------------------------------ -Confined
Conf i ned

0 8 5 fcc ---- -------------

fco -Unconfined

0. 20+'-

%0i E085 81 685 1620

Figure 35. Analytical Model of Stress-Strain Curve for Confined Concrete.
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e. Maximum spacing for ties.

The maximum spacing for transverse reinforcing in the ACI Code under Section

7.10.5 - Lateral Reinforcement for Compression Members - Ties is given as "spacing of ties shall

not exceed 16 longitudinal bar diameters, 48 tie bar or wire diameters, or least dimiension of the

compression member." The ties should be arranged such that every corner and alternate
longitdinal bar is enclosed by a corner of a tie with an included angle of not more than 1350.

Spacing between unsupported longitudinal bars should not be greater than 6 inches clear on each

side along the tie from a laterally supported bar. Figure 36 from the ACI Code (Fig. 7.10.5) is

provided to claify the foregoing remarks. The seismic design portion of the ACI Code for

transverse reinforcent of members subjected to axial and bending, Section 21.4.4.2, states

that 'Transverse reinforcement shall be spaced at distances not exceeding (a) one-quarter of the

minimm member dimension and (b) 4 inches." Additionally, the total cross-sectional area of

transverse reinforcement (including crosstes) should be greater than the values given by the

following equations:

Ash = 0. 3(shc) (36)

Ash = 0. 09(sh)) (37)

fyAh fy)

where:

Ash = minimum area of transverse reinforcement
Ag = gross area of concrete cross-section.

Ach = area of concrete core, measured to outside of

confining reinforcing.
fyh = yield srength of hoop reinforcement.

hc  = cross-sectional dimension of concrete core

measured center-to-center of confining reinforcement.

s = spacing of transverse reinforcement

Such transverse reinforcement shall consist of hoops and optional crossties of the same bar size
and spacing as the hoops. Each end of the crosstie shall engage a peripheral longitudinal bar, as

shown in Figure 37 taken from ACI (Fig.21.4.4).
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Figure 37. Examples of Transverse Reinforcement from Reference 3.
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B. APPLICATION TO ROOF BEAM SLAB

The foregoing analysis procedure was used to d-sig," rinforcenent for the top slab of the
sttel-conci-et composite beam. Examples of a typical slab with two different reinforcement

layouts are described in !he following to illustate the use and benefits of this concept.

Figure 38 shows a cross-section of a 24-inch-wide 6-inch-deep concrete slab such as

could be used for a roof beam. Grade 60 #3 (3/8 inch diameer-) rebar was used for both the
longitudinal and transverse reinforcing. The concrete was assumed to have an unconfined

compressive strength f 'co of 4000 ps. The two cases described herein represent using naximum

spacing between the transverse hoops of either 6 inches, according to ACI Sec. 7.10.5, or 1.5
inches, if Sec. 21.4.4.2 is followed. It should be noted that spacing based on 1/4 the width of a

column is reasonable, but not really practical for thin slabs. The corresponding amount of

transverse reinforcing, in the form of a perimetfr hoop and crossties, is based on the minimum
amount required to satisfy ACI Eqn. 21-3 or 21-4. AftL-: telecting this reinforcing, the procedure

from Reference 70 was used to estimate the strength and ductility.

I St. I- Si n.
-" ,n.

ro 0, o " @
unn,

6 In.
6n. - 0O 1 l 0 1

TT - - 24in.

S10.4 In. Case 2: S= 1.5 In.

3.6Z5 in.

Figure 38. Example Reinforcement Options for 24-Inch-Wide, 6-Inch-Thick
Normal Strength Concrete Slab.
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For Case 1 (Figure 39), with s = 6 inches, the mininmm area of reinforement determined
by ACI Equations 21-3 and 21-4 was 0.782 in2 . This result wa determined by using hc =

21.625 inches, the cnmr-to-center distance in the long dimension. This requirement can be
satisfied by one perimeter hoop and six crossties as shown for case 1. The resulting reinforcing
has eight longitudinal bars in each face on spacing s1 of approximately 3 inches. The minimum

area of reinforcing in the shert dixcdon was satisfied by the perimeter hoop alone. These
parameters lead to a peak confined compressive strength of nearly 5700 psi at a strain of 0.6%.
This represents a 42% gain in strengtL and peak strain 3 times the value of e01 = 0.2% assumed

for the unconfined concrete. The reinforcement ratio, Psh, defined here as:

Psh =Ash (38)
she

is equal to 0.68% for this case.

The second case used the more conservative spacing of 1.5 inches between transverse

hoops. ACI Equations 21-3 and 21-4 give a minimum area of reinforcing of 0.196 in2 , which

would be satisfied by the No. 3 perimeter hoop (Ash = 0.22 in2 ). However, ACI Sec. 21.4.4.3
requires that crossties or legs of ovwrlapping hoops cannot be spaced more than 14 inches on

center perpendicular to the longitudinal axis of the member, see Figure 37. Therefore, one
crosstie is used in addition to the perimeter hoop and the resulting reinforcing has three

longitudinal No. 3 bars in each face with spacings of 10.44 inches in the long direction and 3.625

inches in the short direction (see Figure 38).
Computing the confined concrete strength and ductility using the previously defined

equations leads to a peak confined com prsrive strength of 6234 psi at a strain of 0.8%. This
represents a strength gain of 56% at a dustlv, -if isearly 4 times the unconfined case. The

reinforcing ratio Psh equals 1.07% for this case.

A third analysis was made using the perimeter hoop and crossties from Case 1, but
centered on 1.5-inch spacing as determined from Case 2. The resulting confined strength was

9335 psi with a strain of 1.5% at peak stress. The strength has more than doubled and ductility

is nearly 8 times the unconfined value for a reinforcing ratio psh of 2.7%. Figure 39 summarizes

these results by showing the computed stress-strain behavior for the unconfined concrete and the
three confined cases. The obirious benefits of adequate confinement are a dramatic gain in

strength with increasing strain, 'ad much greater material ductility. These characteristics are

ideal for the steel-concrete composite beam. While this same approach could be applied to the
reinforced concrete and prestressed beams, it is likely that sever mbar ccngestion, would occur

due to the required shear stirrups and transverse shear and flexural reinforcement.
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SECION 6. PROTOTYPE TEST PROGRAM

-As described ki the preceding sections, the steel-concret composite cross-section with
comfined concrete presents a poentially aa-ctive con-- for blast-eisum roof beams. In
general, the two 'my indivil Components of this concept, i '.. steel-concrete composite and
confinement of concrete have been applied and proved xindimaL- for each component for
applications different from that ccnsidered herein. The combination of these components,

applied to the exely high resistancetweight requirement for the shelter roof, has not yet been
proven. Due to this lack of proof-of-concept, a prototype beam test program was developed and

A. OBJECTVES

The test program was developed to provide euimental validation of the concept in
terms of strength, ductility, and cosw ctbt. Specifically, the static flexural resistance
function for this concept was developed analytically using the procedures and assumptions
described in the previous sections. Whereas the analytical development was known to be

ny sound, the peirfirance of the concept ree on full development of theoretical

strength and reliability of this strength over a wide range of ductility. Neither the analytical
procedure nor prtvu resewch could prove the applicability of the concept to meet these

requirements. Ultimate confidence in the analytically derived static resistance function could be
achieved only through experimental validation.

In addition to validation of the static resistance function, the overall design procedure can

be partially vaidated via prototype testing. Specifically, the nonflexure resistance of the concept,

including shear and bearing, could be verifi.d through the tests.

Finally, the constructability of this particular concept has not been proven since the
confinement of the concrete portion of a steel-concrete composite beam has not been previously

seen in practice. The potential fabrication problem of this combination that would benefit from
design and construction of the test specirmens is the possible interference of the considerable

longitudinal and transverse reinforcement required to produce confinement of the concrete and

the shear studs required for transfer of the horizontal shear between the concrete and the steel

section. The level of difficulty in fabrication of this detail could be investigated and determined
by design and fabrication of actual large-scale prototypes.
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B. DESIGN AND FABRICATION OF THE TEST BEAMS

I Laboratory Setup

The protoypbems were to be tested at the fiilities of the Concrete

Technology Division (CD), Structures Laboary, U.S. Army Waterways Experiment Station
(WES) in Vksburg, MS. These facilie include a large strucural test floor, vious loading

frames, reaction frames loading rams, deflecon gages, and load control and data acquisition

dcvie The capabdiies and lnao= of the ficilities and aailae equi t provided a
framewck and boundaries for cost-effective prototype beam test design.

The structural est floor has a large open area with embedded threaded

connectors for aachmient of load frams, reaction fram, and other test equipment. The

physical diumnso of the test area were zore than adequa and imposed no restraint on the

design or handling of the tet specimens. A large overhead gantry crane and alable forklift

provided adequate capaity for moving amy of the proposed tet specimens.
The grid of connectors embedded in the floor is on a 3-foot spacing in both

directions, as llstrated in Figure 40. Each threaded connector and the structural floor is
designed for a maximum vertical load (upward or downward) of 100,000 pounds at each grid

point Various components of load and reaction frames and other laboratory equipment were

available that were specifically designed to work in this threaded connector systm The spacing

of the connectors and the load limit per connector played no minor role in design of the test

specimens. The impact of these consuaints are described in the following section.

Wherea the WES laboratory had a number of various loading and reaction frame
components and several sizes and types of loading rams, the most practicable setup involved

using the load frame shown in Figure 40, with a single loading ram with 150-ton capacity. This

loading frame is supported on four columns on 6-foot spacing and was specifically designed for

the 150-ton ram capacity. The clear spacing between columns provides sufficient room for any

prototype beam design. Other available loading frames and rams were of considerably less

capacity and would not be suitable for this program.

Likewise, a limited number of reinforced steel beams were available to act as

reaction beams or spreader beams for the loading. The geometry and capacity of the available

beams indicated one large 8-foot beam would be adequate for use as a spreader beam and several

smaller beams could be used as raction beams.
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Figure 40. Schematic View of 150-Ton Load Frame Used for Prototype Beam Tests.

Loading was accomplished with the 150-ton ram under displacement control.
The hydraulics were controlled by a recently installed micaocomputer based system. The
actuator and pump were reconditioned just prior to the beam tests. The new systmn monitored
ram displacement and load as control variables.

Separate data acquisition facilieti at the WES lab were capable of monitoring up
to 40 channels of data simultaneously at a fixed sampling rate. Data was acquired from strain
gages attached to the beam, displacement gages, and the load cell via an analog to digital and
signal conditioning system interfaced to a data acquisition computer.
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Since the data sampling rate was constant, the ram displacement rate was set to
provide a reasonable number of data points in the three primary regions of response, i.e linear
elastic, yield, and ulastic. A slow ram displacement rate was prescribed in the linear region due

to the relatively stiff response. A slower displacement rate was prescribed for the

crushing/ielding region to permit good definition of this region of significant changes in the
stiffness of the system. The displacement rate was significantly increased in the postyield region

to perrnit timely completion of the test and to acquire only a reasomnrble number of data points in

this region of large displacements. Figure 41 and Table 14, taken from the test plan, show the
selected displacement rates ad deflection regions for the tests.

TABLE 14. BEAM TEST DISPLACEMENT RATES.

Region Displacement Deflection Range (in) Number of Samples

Rate in/sec) 10-foot 16-foot 10-foot 16-foot

I .001 0-0.5 0-1 50 100

II .0005 0.5-1.0 1-2 100 200

I1 .002 1-4 2-6 150 200

- /J

I__I_______I dmax

De I ect i on

Figure 41 Three Regions Defined for Displacement Controlled Beam Tests.
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2. Design and Fabrication of Test Beams

The test bt~ns were designed using the procedure developed herein. As the
loading would be static and nonuniform, the design was prmarily based on the ultimate flexural
capacity and stiffness of the test beam. The limitations imposed by available equipment.
primarily the 150-ton total vertical load capacity, restricted the prototype design to a small family
of test beams. Additionally, the beam weight and size was to be limited somewhat to permit
reasonable handling with limited facilities of potential fabricators and allow a reasonable number
of beams to be built within the budget.

The basic beam design considered a symmetrical, simply supported beam with
two point loads to produce pure bending in the center section, as shown in Figure 42. The
maximum applied moment was, thus, a function of the distance between a load point and nearest
support, and the maximum vertical load. The distance between load points was maintained at
values grear than twice the beam depth to mimi localized load effects. Two different beam
design were developed to investigate response for different length/depth ratios. The beam
lengths selected corresponded approximately to half- and third-scale for the expected prototypes.
However, the beam designs were not to be scale models, rather they represent prototypes
somewhat shote than the spans of 20 and 50 feet. For each beam design, two specimens were
fabricated to provide replication and backup.

ip

....-- "' '

jI

Figure 42. Prototype Beam Four-Point Load Configur.on,
Shear, and Moment Diagrams.
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Each beam was designed to ensure flexural response, i.e., all other response

modes were carefuy designed to prevent premature failure in another mode. Specificaly, the
shear studs, web shear, reaction point and load point bearing, welds, and flange buckling were

conservatively designed to carry more than the expected maw-imum load. This conservatism for

nonflexural modes was consistent with the design procedure to ensure flexural response and
ductility.

The prototype test beams were fabricated using standard concrete, rernfonig
steel, and plate steel Specifically, the concrete was specified to have a 28-day strength of 4000
psi. The reinfiocement used standard bars with a nominal yield strength of 60 ksi (ASTM
A615). 'The plate steel was typical of plate girder construction with a nominal yield strength of

50 ksi (ASTM A572). Standard welds and Nelson shear studs (ASTM A108) were specified.
The two prototype beams were 10 feet and 16 feet long with clear spans between

supports of 9 feet and 15 feet. The constant moment section between load points was 2 feet for
the 10-foot beam and 3 feet for the 16-foot beam. The resulting maximmn moments that could

be applied to the two prototype beams, determined by one-half the maximum ram capacity times
the shear span, were 6.3 and 10.8 million inch-pounds, respectively. Beam cross-sections for
the two lengths were checked against these limiting values during design.

The dynamic capacity of each beam was determined by scaling the duration of
the load pulse by the geometric scale factor (e.g., 0.45x25 msec for the 9-foot-clear span and

0.3x40 msec for the 15-foot-clear span) in the design procedure analysis. It should be
emphasized that these were not "scaled experiments" in a precise definition of the term. The

beams were to be fabricated using conventional materials to avoid the complexities and cost of

scaling the physical properties. For example, the size and properties of the concrete slab and

confining reinforcement (bar size and spacing) were representative of a full size beam as opposed

to a scaled model.

It was found that both prototype beam designs could use the same cross-section,

thus, simplifying the design and fabrication of the test articles. Figures 43a and 43b show

elevation and plan views of the two beams, which have the cross section depicted in Figure 43c.

This cross-section has a predicted ultimate moment capacity of 3.6 million inch-pounds, with a
ductility factor of 9 and support rotation of 4' for the shorter beam, while the longer beam had a

ductility factor of 5.5 and support rotation of 4*. The resulting predicted ultimate loads for the

two point load configuration were 172 kips and 101 kips, respectively, for the 10-feet and 16-

feet-long beams, both well within the capacity of the 150-ton ramn and load frame.
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C.L. C.L. C.L.
SUPPORT LOAD BEAM

6*10 ~4200 1,1
C2 D2 #3's wetcde% to

5-;#3 hoops 7-#3___

I C2 D
NOTE, Girder dimensions given~ in detoais

on Sheet 3.

SECTION B-B

1.50

11 3 r-ows of 14 1/2*x3-1/8*
B shear~ studs @ 3' spacing

A B1 H6.II

SECTION A-A

b. 10 Foot Beam.

Figure 43. Fabrication Details for Prototype Beams. (Continued)

102



#3 -tbsr welded to fiuingo see Shoet I

for- - r IM .M 2._- ---,3
'=' atceSL

l/x-1t s splicei

N 1/4' A572 ORo PL,
1 1"3 0o 3 0 0 ' t . / 4 x 3 " 5 7 2 -.

3/itGR50 10ear;ng

1/32,13

,,,"3/8 As72 GR30 PL-.
#3x'i centered aspan

5 11.50 sot W irtr to flni

SECTION CI-Cl SECTION DI-DI
1-----1M3 *bar weided to flange; set Srw.t 2

I '- C fi ,- ef or ocat o t 3 00 .00 2. 7 . 3

/-4' Ccrete. S to ud

11/4 A57- GR50 Pt.. J
1/4' 5 300 L/*L3.A7

/4'
3/9' A572 0*0 Pt..

v 53w24' Centered -W&sPa.0-
3.00 . :'5 H.50 0.5 300 Spot wlded tO Flange

SECTION Ce-C2 SECTION D-D2

NOTES- 1) Usir E70XX low-hyd-agfn eect des.
2) Use A572 . 50 or" ecuwv. st roet all flanges, ebS. nd stiffeners.
3) Shear comectors are l/2"x3)-el/ NelSon Studs.
d) Use 03 GR60 re.r foa tongtudnal IMMs, St1ir-up and hoopsi bonds a p I-I/L* die.
5) ConCretir shell be 4000 psi CompreSltv Strength with ma s water-cehent rat1O of 0.44.

c. Cross Sections.

Figure 43. Fabrication Details for Prototype Beam. (Concluded)

The associated design details, including the number and layout of shear

connectors, size of bearing stiffeners, and size of welds were determined using standard design

procedures contained in References 45, 50, and 71, and sunnarized in Section 3.C.3. Design of

the reinforcing to provide confinement of the concrete slab was done according to the procedure

described in Section 5. Closely spaced hoops and stirrups were placed in the constant moment

section, as shown in Figures 43 and 44. Outside of this section the spacing of confining rebar

was increased to conveniently fit with the shear connectors (3 to 3.5 inches) for a distance of

about one-and-a-half beam depths, beyond which only nominal reinforcing was used. The shear

connectors were placed only in the shear span between the load points and end suppoits. The

short beam had a 3 x 14 (42 total) pattern while the longer beam had a 2 x 20 pattern (40 total).
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Fabrication was achieved by two different fabricator.. The meLhod of

construction was generally not const-ained except by the specificazion of final product.

Fabricating procedures were generally typical and esscnially left up to th#, wo fabricators The

steel plate girder section was fabricated first by a local steel fabricator. The web and flange

plates were cut and welded to form the steel girder. Nelson studs were rn welded to the top

flange in accordance with the design specifications. The steel fabricator ailso cut and bent the

reinforcing steel that would be placed in the concrete slab.

After the steel girder sections were complete, they were moved to the second

contractor shop building where the strain gages were applied and concrete slab placed. The

strain gaging used standard procedures for preparation of the metal surfaces and gage bonding.
Stain gages were applied to flat milled surfaces on the rebars. Protective layers were then
applied to waterproof the gages and resist abrasion during subsequent concrete work. Strain
gaging the top surface of the concrete was done after approximately 21 days of cure. The
concrete surface at each gage location was first prepared by applying a layer of epoxy cement
which was then finished to a smooth, hard surface.

Figure 44. Prototype Beams During Assembly of Reinforcing
Cages and Concrete Placement. (Continued)
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Figure 44. Prototype Beams During Assembly of Reinforcing
Cages and Concrete Placement. (Concluded)
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After the strain gages had been applied, the steel reinforving cages were
assembled and tied. As the cages were constructed, the strain gaged pieces were placed at the

appropriate locations for each beam design. After the cages were tied and placed among the

studs, the alignment and placement was inspected for conformance with the pecifica..ons. The
beams were carefully leveled and the sides of the slab portions were formed with wocd forms.

he ready-mix concrete with mix properties given in Table 15 was placed and consolidated using
a vibrator, then trowel finished. Standard cylinders (6 inch diameter x 12 inch tall) were made

for testing at 7, 14, 21, and 28 days. The slabs and cylinders were covered with plastic and
moist-cured for a period of 28 days at the fabricator shop. The photograph in Figure 44 shows
one of the 16 foot beams on the left and a 10-foot beam on the right as the reinforcing cages

were being assembled. The shear studs are visible as rows of pegs with heads attached to the top

surface of the steel giders. Figure 44 also shows the concrete being consolidated with a vibrator
as it is placed in a 10-foot beam. Strain gage lead wires are visible coming out of the top surface

of the slabs. In the background, the two 16-foot beams aueady have concrete in place.

TABLE 15. CONCRETE MIX PROPORTIONS

Partland Cement (Ib) 828

Flyash (lb) 255
Sand (lb) 2492

Gravel (lb) 3812
Air (oz) 3
Water Reducer (oz) 32

Water (gal) 35

3. Instrumentation of Test Beams

Instrumentation consisted of strain gages attached to the test beams, displacement

gages mounted at points under the beam, a displacement gage to measure ram travel and a load

cell under the hydraulic loading ram. Uniaxial strain gages were placed at seven levels

throughout the depth (," die beam (Figure 45). Specifically, gages were placed (1) on the top of

the concrete slab, (2) on a longitudinal bar in the concrete approximately 1.25 inches from the

top surface, (3) on a hoop bar at mid height in the slab, (4) on the top surface of the girder

flange, (5) & (6) on the side of the web plate 1.5 inches below the top and above the bottom

flanges, and (7) on the bottom surface of the girder flange, as shown in detail in Figure 46.

106



Level .1

Level 2

- Level 4,- -

Level 5

-Level 6

Level 7

Figure 45. Sketch of Nomenclatut for Strain Gag. Levels.
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Gages 1, 2, and 4 through 7 were oriented parallel with the long axis of the beam
while gage S was oriented vetically on the hoop bar. For replication and backup purposes,

gages wer placed doubly symmetric about the beam length and width centerlines. Thus, a total
of 28 strain gages were attached to each beam. This duplication pernitted accounting for

i ft or nonsymmeay of the bea= or loading and also served as a backup in case of

gage failures during fabrication or testing. Due to the irregular finish resulting from bringing the

gage wires out the top of the slab, the location of the strain gages on the slab surface were

adjusted as shown in Flgure.47.

12 in. 12 in.

=3 OrigincI location of stroin
gage on slab surface.

Modified location due to

uneven surface.

Figure 47. Modified Level 1 (Top of Slab) Strain Gage Locations.

Prior to testing, deflection gages were placed at five locations along the length of
each beam. These locations, shown in Figure 48, include the beami centerline, load points, and
midway between the load points and reactions. At xnidspan, two gages were used to measure

any twist of the beamr. The redundancy and symmetry of the deflection gage placement

accounted for lionsywmnetric loading or response.
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D7

D D5 D4 D2DI D3 rnDwc ewe

D1 & D2 - midway between loadpoint & support
D3 & 04 - at Ioodpoints
D5 & D6 - midspon
D7 - ram displacement

D1 thru D4 - centered under beam
D5 & D6 - on both sides of beam

Figure 48. Locations of Displacement Monitoring Gages.

The deflection gages were placed as previously described and linked to the data

acquisition system. The strain gage wires were similarly linked to this interface. The entire.
system was checked for continuity, including the interface with the load cell and ram

displacement gage. The output from the load cell and midspan deflection gages were connected

to an analog plotter to provide a real-time plot of the load-deflection response. Video and still

photography were used for additional test documentation. The video camera faced one side of

the beam and included digital output of the load cell and ram displacement prominently in view.
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C. DISCUSSION OF RESULTS

1. Description of Tests

During the period of concrete curing, concrete cylinders were broken after 7, 14,
21, and 28 days. On each of these days, three cylinders were selected at random from those

available and tested to compressive failure at the WES CMD laboraxto. The results of these
three tests were averaged to estimate the progress of strength gain of the concrete. The results

of these tests are presented in Table 16 and Figure 49. As seen in this figure, the concrete
steadily gained strength and reached the prescribed strength in 28 days. These results indicated
that the tests could proceed at anytime after the minimum imposed 28 days. In addition,

cylinders were broken on each beam test day to determine the appropriate concrete strength for

compariso with the design value in hindcast analysis of the test results.

6000-

5000"

(n
0A

4000-

UU

3000"

S2o00

. - Average

1000"

o' -I I I' I '
0 10 20 30 40 s0 60 70 80

Age (Days)

Figure 49. Concrete Cylinder Strength On Each Day Of Testing.
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TABLE 16. SUMMARY OF CONCRETE CYLINDER STRENGTHS

AGE CYLINDER CYLINDER CYLINDER AVERAGE
PAYS) ga (1%. (KI ~ D..

7 2950 2970 3130 3016

14 3540 3180 3240 3320

21 3400 3640 3730 3590

28 4030 4070 4050 4050

66 4560 4830 na 4695 Beam 16A
68 5020 5160 na 5090 Beam 10B

70 5200 5340 na 5270 Beam 10A

1 74 5480 5130 520 5290 Beam 16B

The four beams ard xunsining cylinders were transported to the laboratory after

the concrete had cured about 21 days. Delays in installation of the new test systm at the WES
laboratory delayed the first beam test to day 66 after the concrete was placed. The first beam

tested, Beam 16A, was set up and inspected two days prior to the test. The general arrangement
of the test setup is depicted in the pictures in Figure 5C of Beam 10A. The force from the ram

was distributed through the spreader beam to the slab surface by 1.5-inch-diameter steel bars

and bearing plates (Figure 50 top shows the ram in the top middle of the photo in contact with

the sprerabeam; the erbeainturnisrestingonthe two round bars in contact with the

top surface of the test beam slab). The beam ends reacted through similar rollers to beams

resting on the floor, as shown in Figure 50 bottom. Spacer plates were inserted as required to
proide additional clearance between the spreader beam and the test article, and between the

beam and the floor.
The maximum ram travel of under six inches was less than the anticipated beam

deflection. Therefore, an unloading/reloading cycle was also included in the loading program to

permit placement of spacers between the ram and the spreader beam. After the spacers were in

place, the beam was reloaded for continued testing.
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Figure 50. Pretest Photograph of Beam 10A Showing Spreader Beam,

Load Points and Roller Supports.
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Beam 16A was tested first Subsequent tests of beams lOB, 10A, 16B were

conducted on two-day intervals to allow beam removal and setup and quick-look analyses of the

previous test results. Lessons learned from each test were used to improve the testing procedure

for subsequent tests. For example, the gimbaled end support used to allow some rotational

freedom about the longidinal axis was severely deformed after the test on Beam 10B (Figure
51). This support was replaced in subsequent tests with a roller and plate. The first two tests

(16A and 10B) were terminated when the beam bottom flange reached the concrete blocks that

were used to protect the displacement gages underneath the beam (Figure 52). The second two

tests (1OA and 16B) were temporarily stopped at this point and the blocks and displacement

gages were removed. The test was resumed and continued until the beam reached the floor or

the ends of the spreader beam contacted the test article.

Figure 5 1. Gimnbaled Support Condition After Test Showing
Yielded Roller and Bottom Flange.
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Figure 52. Beam 16A at Conclusion of Test Showing Spalled

Concrete Layer and Permanent Deformation.

2. Overall Performance

The results of the four prototype beamn tests were encouraging from a number of
standpoints. Firstly, and most importantly, the overall performance of the test specimens met
expectations as to strength, stifness, and ductility. Secondly, the test procedures and execution
proved to be excellent for the intended purpose. Very few problems were evidenced during the
tests and each was of a generaly minor nature. Testing proceeded essentially as planned and
data acquisition appeared to be very consistent. An overall appreciation of the test results can be
gained from a study of the measured load-deflection relationships.
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a. Beam 10A

The load-deflection results for test beam 1OA are shown in Figure 53. From the

initiation of loading up to a load of about 170 kips the beam responded quite linearly. At this
load gradual softening occurred due to initiation of yield of the smel gir. Between this point

and just over 200 kips, the slight softening continued until the concrete above the confining steel

spalled off& relieving some of the load and causing the "peak' in the response. In the plastic

region the response reflects progressive yielding of the confined concrete and of yielding in the
steel girder. The load rises only gradually in this region due to strain-hardening of the girder

steel as the beam curvature and strains increase. At a deflection of about 3.5 inches, the beam

was unloaded to permit addition of spacers to continue the test. The unloding/hloading

segments am relatively linear and the generally plastic response continued when the load and

deflection returned to the unloading point. The test was paused at about 5.5 inches of deflection

(not unloaded/reloaded as before) while the deflection gages beneath the beam were removed to

allow continued deflection (indicated on the curve by a downward spike). Since the deflection
gages were removed, the last portion of the load-deflection curve was obtained by extrapolating

the ram travel data. The test continued until the space between the spreader beam and the test

article was exhausted (displacement g 6 inches). This last segment indicated a slight increase in

load followed by an equal decrease in the load over the final 0.5 in of deflection.

EAM 10A250 -
.-

ZO 15- "-... . . ..-- -- .'-'--- .---.... . .

S--

0 2 3 4 67

- midspan Deflecion (in)

igure 53. Load-Deflection Plots for Beam 10A.
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b. Beam lOB

The response of Beam 10B, shown in Figure 54, was very similar to Beam 10A.
The linear and iniial softening regions are essentially the same as for 10A. The straight portion
of the response between about 1 inch and 2 inches deflection re&cts a problem that occurred
with the hydraulic system at this citical stage of the test. Just before the top layer of concrete
began to crush, the hydraulic system appeared to have reached maximum capacity and the load
became constmt. Meanwhile, the controller program continued to run, acLcumulag
approximaely 1 inch of discrepancy between the actual and rate controlled deflections. After a
check of the hydraulic system by the WES and MS technicians, the problem was found to be a
closed valve for developing higher pressure at the pump. The valve was opened very slowly, but
unfotunately the accumulatd error caused a significant jump in the applied load and deflection.
This problem did not occur in the first test, Beam 16A, due to the lower load capacity of the
longer beam. Loading continued normally after this point up to unloading and reloading at about
3.5 inches to accommodate ram extension. The test was terminated at about 5 inches of
displacement due the lack of space between the concrete blocks on the floor and the beam.

BEAM OB
250-

200........... .e.. , ... ~ -- - -----.. 1 ........ ........ ....

250 . ................ --......

00 .. .. . . .... ... ...... . ...o 50. ..... .....................-.............- ............ ..

0 2 3 4 5 6
Midspan Deflection (in)

Figure 54. Load-Deflection Plots for Beam 10B.
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c. Beam 16A

The test results for beam 16A, shown in Figure 55, indicat the same general
regions of response, ie., linear, softeningcrushzg. pusdc, and unloadingft ading, as
prvioudy dcs=ibed. Naturally, for the longer beaws, th loads are less and the deflectm
greater than the shortr 10-foot beams The crushing of the concrete above the confining steel
occurred more abruptly in this test than in the others and occurnd in two distinct stages between
about 2 to 3 inches of deflection. After the unlod/rload cycle, loading continued to about 7.5
inches, where the test was tenminated due to lack of male space between the beam and the floor.

BEAM 16A
12.-

60 ---- --- -20 .- ..........
6.00. .. .............. ..- . ... .. ..........

40. ---- -- ..... .- - .
.- .0 -.......... ------ .. ...... ... .... -:---- ------ ------ -.......

1 2 3 4 5 6 7
Midspan Deflection (in)

Figure 55. Load Deflection Plots for Beams 16A.
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d. Beam 16B

The results of the final beam test (16B) are shown in Figure 56. Compared to the

previous tests, this test produced lpobaly the most reliable and useful data. The
czushing/softening behavior was less pronounced in this test, probal4y due to somewhat less
concrete failing outside the confined region. This test was set up with more space between the
beam and floor to permit testing futher into the plastic range. As a result, the beam was

unloaded twice, as shown, to permit addition of spacers at the nam. Reloading consistently
returned to the original response at unloading and continued plastically. The test was teminated

at about 12 inches of deflection due to interference between the beam and the concre floor.

Even at this large deflection, the beam was continuing to accept load. Figure 57 shows the beam
after the tmmination of the test with ap m y 11 inches of permanent deflection at

mian
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Figure 57. Beam 16B At Conclusion of Test with 11 Inches of Permanent Deflection.

3. Response Comparisons

All four of the test specimens exhibited considerable ductility, far beyond what
might be expected for beams without significant confining steel in the concrete. Table 17
summrizes the measured maximum midspan deflections, computed ductilities, and support
rotations for each test. It is important to note that none of the tests were stopped due to
hnminent or actual failure, but rather due to the loss of rattle space between the beam aid the

floor or spreader beam. One cannot say from these results how much more ductility could have
been achieved from these beams, only that the measured ductility was considerable at test

termination.

120



TABLE 17. MEASURED DUCIIILTY AND SUPPORT ROTATIONS

FOR PROTOTYPE BEAMS

Beam ay 6u I

Elastic Maximum Ductility Support

Deflection Deflection Rotation

ches) (inches) 8y (degrees)

10A 0.42 6.2 14.8 6.5
10B 0.42 5.5 13.0 5.8

16A 1.1 8.5 7.7 5.4

1615 1.1 112.0 10.9 17.6

The goals of the test program were to provide (1) a proof-of-concept for the

confined concrete-steel composite beam and (2) provide a baseline to measure the accuracy and

appropriateness of the analytical models and methods of this work. As shown, the test results

indicate that the first goal was adequately met. The second goal was assessed by comparing the

test results with analytical predictions. The comparison of results for the two 10-foot and two

16-foot test beams with analytical predictions are discussed next.

a. Beams IOA and 10B

The overall response for the 10-foot beams are compared with the analytical
predictions in Figure 58. This figure plots the load deflection results for both tests with the

predictions from ADINA and the simplified design procedure. The ADINA posttest analysis and

simplified procedure results were based on the concrete and steel material properties as measured

from concrete cylinders and steel coupons. As seen in the figure, the ADINA results compare

extremely well with the test results. ADINA does not predict the peak just before the concrete
crushes, rather the smeared concrete model used in the analysis predicts a smoother transition

from the linear to relatively plastic response regions. Also, there was no attempt to reproduce

the unloading reloading cycle r-quired by the test procedure in the ADINA analysis. The
comparison clearly shows the capability of the finite element analysis to very reasonably predict

the overall response of the beams. The simplified procedure predicted reasonable, though
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slightly conservative, values for the stiffness and ultimate resistance of the beams. The simplified

prediction is shown for a design ductility of 6, and clearly indicates the much higher ductility

achieved by the test articles. These comparisons provide a large measure of confidence in both

prediction methods. The maximum ductility factor utilized in the simplified procedure could

easily be incre d

250----

200 - ----

i 5C -Beam IOs

50- x -AD MI,
------- Design Procedur=e

012 3 4 7
+ Midspan Deflection (in)

Figure 58. Load-Deflection Curves for 10-Foot Prototype Beams

with Design Procedure and ADINA Predictions.

b. Beams 16A and 16B

A similar comparison of test results and analytical predictions for the 16-foot

beams is shown in Figure 59. This comparison also indicates the excellent capabilities of the

analytical methods to predict the overall response. In fact, the most striking difference in results

is the difference in ultimate resistance of the two test articles, i.e., the ultimate resistancr, fcr test

Beam 16B was approximately 10-12 percent higher than beam 16A. From posttest observations

of the test articles, it appeared that Beam 16B had a slightly larger area of confined concrete than
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Beam 16A. This conclusion was based on the different behavior and appearance of the scabbed-
off layer of concrete outside the reinforcing cage. Beams 10A, lOB, and 16A developed cracks

in the outer layer near the load points tlu't peeled-off inutt pieces of concrete (Figure 60). In

contrast, the exterior concrete from Beam 16B did not have any large, inta pieces (Figure 61).
The resulting thinner shell of unconfined concrete also reduced the abrupt drop in peak load
chauterist of th other beams. In spite of this bility between the results from the two 16
foot beams, the ADINA analysis did an excellent job of predicting the overall response. The

simp]ified procedure also produced a very reasonable, slightly conservative static resistance

function. As previously seen for the 10-foot prototype, the maximum ductility factor utilized in
the design procedure was very conservative.
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Figure 59. Load-Deflection Curves for 16-Foot Prototype Beams

with Design Procedure and ADINA Predictions.
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Figure 60. Confined Concrete Core with Layer of Spafled Concrete -

Beams 16A and 10B.
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Figure 61. Confined Concrete Core with Thin Layer

of Spalled Concrete - Beam 16B.

4. Strain Gage Results

Data from the strain gages are contained in Appendix B and discussed briefly

here. First, the gage numbering is reviewed, and units of measurement and sign convention are

explained. Then, some observations regarding the strain measurements are presented. Finally,

analysis of the strain gage data is presented in the form of moment-curvature relationships for the

test beams as compared to the behavior predicted by ADINA.

The location and numbering of gages were described earlier in Section 6.B.3 and

shown in Figure 46. The gages were configured and numbered in four groups of seven. Table

18 summarizes the gage locations and nuimbers. Gages were oriented to measure strains in the

longitudinal direction, except Level 3, which measured the strain in hoop reinforcement in the

vertical direction. Level 1 gages deviated from the pattern ased for the other levels, as explained

earlier. These gages were positioned on the longitudinal centerline of the beam 6 inches either

side of the line of load application; gages 1 and 22 were outside the loads and gages 8 and 15

were inside the constant moment section, as shown previously in Figure 47.
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TABLE 18. LOCATION AND NUMBERING OF STRAIN GAGES

Location Level Gaee Numbers

Top of Concrete Slab Level 1 1 8 15 22

Conurete, 1.25 inches from top Level 2 2 9 16 23
Mid height of slab (vertical) Level 3 3 10 17 24
Top surface of upp-r flange Level 4 4 11 18 25

Web, 1.5 in. from top Level 5 5 12 19 26

Web, 1.5 in. frum bottom Level 6 6 13 20 27

Bottom surface of lower flange Level 7 7 14 21 28

On Beam 16B, the Level I gages wer not used. Instead, thene four channels

were used for tour additional strain gages on the steel girder web and bottom flange to improve

the prediction of strain distribution. Gages 1 and 15 supplemented the gages on Levels 5 and 6,

respectively. Gage 8 was located in the center of the web, and gage 22 was positioned on the

top surface of the lower flange (Figure 62).

Figure 62. Location of Auxilliary Strain Gages on Beam 16B.
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Tensile strains were negative values and conversely, compressive strains were

positive. Units of measuremnt were micro strains, equal to 10-6 in. For example, the yield

point in tensiun for 50-ksi steel corresponds to approximately -1700 micro strains (-0.17%).

Generally, the strain gage results were in good agreement with the overall

response of the beams. For example, at the peak load prior to crushing of the concrete, ultimate

compressive strains at the concrete surface, measured by gages 8 and 15, were about 3000 micro

strains (0.003). The beginning of nonlinear load-deflection behavior corresponds to onset of
yield strains in the lower flange. Maximum longitudinal strains in the slab, measured by Level 2
gages, indicated concrete strains in excess of 10,000 micro strains (1%), which agrees with the

confined concrete model prediction.

Unfortunately, the strain gages on the confining reinforcement (Level 3)

performed poorly and evidenced a high gage failure rate. Although the reason for this failure is

not known, it was observed that only two Level 3 gages performed as expected (Beam 10A,
gages 24 and 10), indicating strains that approached or exceeded yield of the stirrups. The hoops

containing these two gages were oriented such that the gages were towards the middle of the
slab rather than towards the edge of the slab as were all the rest. One plausible explanation for

the survival of these gages is that the lateral expansion of the concrete-towards the edges of the

slab squeezed the protective tape which was adhered to the gages and lead wires.

The strain gage tiata was useful in analyzing the moment-curvature behavior of

the beams. Moment is the product of :he load times the distance between load and support

locations. Curvature is determined by the strain distribution in the cross-section, and is defined

as the quotient of strain divided by distance from the neutral axis. The moment-curvature

relationship is scmewhat analogous to the stress-strain response of a material in that the external
load (stress/moment) is plotted as a function of the internal deformation (strain/curvature). A
brittle material/member has little or no postpeak response, whereas a ductile material/member

evidences some form of plastic load resistance.

Curvatures were computed from the measured strains by fitting a straight linf.

(y=ax+b) to the data from Levels 2, 4, 5, 6, and 7. This line estimates a linear strain distribution

in the beam. The coefficient "a" representing the line slope corresponds to the curvature. Strain
values from the four gages on each level were typically averaged together to obtain a single value

for the strain. Since many of the gages produced erratic data as the tests progressed, it was
necessary to disregard some measurements. Figure 63 depicts a representative result for the

strains in Beam 10A at 1/2-inch midspan deflection. The figure plots stain versus distance from

the bottom of the beam. The average strain values appear as "x," and the line which best fits this

data is plotted through the points. Where this line passes through zero strain marks the location

of the neutral axis, in this case approximately 6.5 inches from the bottom surface of the beam.
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The curvanrre is determined by dividing the strain in the lower flange, -2000 micro strains, by the

distance to the neutral axis, giving a curvature of about 300 micro strainu/nch.
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Figure 63, Measured Strain Distribution in Beam 10A
at 1/2-Inch Midspan Deflection.

Repeating this strain/curvature analysis at frequent intervals of displacement leads

to the moment-curvature plot for the beam response shown in Figure 64. A similar calculation

from the ADINA strain results is shown as a continuous curve in the figure. The ADINA

moment-curvature plot has a more gradual softening behavior, but is otherwise in very good

agreement with the experimental results. Similar plots for the other test beams are shown in the

continuation of Figure 64. In each case, the experimental and analytical results show excellent

agreement.
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Figure 64. Moment-Curvature Diagrams for Test Beams. (Concluded)
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5. Confined Concrete Slab

As previously discussed, the overall performance of the prototype beams was
more than satisfactory. This was in large part due to the very ductile behavior of the confined

concrete slab. A conventional steel-composite beam (i.e., without confining reinforcing) would

have experienced a significant loss in load capacity following the initial load peak. It would still
have a significant amount of ductility due to the long-yield plateau of the steel girder, but at a

reduced load corresponding to the plastic moment capacity of the steel girder only.

Strain gages embedded in the concrete slab indicated that maximum strains of 1.5

to 2.0% were achieved (see Level 2 stiain gage histories in Appendix B). Based on physi,

measurements of the final dimensions of the beams, the slab between load points shortened by

4.2%, 3.4%, 2.3%, and 2.4% for Beams 1OA, 10B, 16A, and 16B, respectively. This represents

an order of magnitude increase in the amount of strain possible with unconfined concrete. An

appreciable increase in the concrete strength probably occurred, though direct measumments

could not be made. The strength gain was inferred by the good agreement between predicted

and measured load capacities.

Beam 10A was the only beam that experienced a drop in load resistance very near

the end of the test. An examination of the beam after the test revealed that one of the top corer

longitudinal rebar was buckled outward. As shown in Figure 65, the spacing between the
perimeter hoops at this location was not uniform as designed, consequently the buckled bar had

an unsupported length of about 3 inches rather than the 2-inch nominal spacing. When the bar

buckled, this resulted in a loss of confinement and local crushing of the concrete within the

confined core. Even so, the overall beam response was barely affected, with a drop in load of

approximately 0.5%, and the experiment was terminated because of interference between the

spreader beam and test beam rather than imminent "failure" of the test beam.
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Figure 65. Buckled Longitudinal Rebar in Beam lox
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SECTION 7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

A. SUMMARY

A design procedure for design of blast-weistnt roof beams of a modular protective
structure was developed. This procedure icorporates current methods and recommendatias
for blast-resistant design in a relatively simple form to permit rapid analysis of candidate
concepts. This procedure was applied to evaluate different strucnmal concepts for roof beams
for two shelter size for a typical thrat lveL

In all, five different roof beam element concepts we evaluated:

1. Conventionally reinforced concrete.
2. Prestressed (pretensioned) concrete.
3. Steel-concrete composite having a solid concrete top

flange integrally connected to a welded plate girder.
4. Concrete beams reinforced externally rith carbon

fiber sheets.
5. Pultruded fiberglss beam.

The dynamic design procedure utilizing a single-degree-of-freedom analysis for the beam
concepts was applied to determine the structural efficiency and effectiveness of the concepts to
blast induced shock loads. In addition to structural efficnicy, other evaluation criteria including
cost, constructability, handling, storage, erection, and reliability were used to select the most
effective of the five concepts considered.

The structural response predicted by the simplified procedure compared very favorably to
that of a more sophisticated finite element analysis. This favorable comparison verified and
added confidence in the simplified design procedure.

Based on the results of the concept evalxauion, the steel-concrete composite beam was
determined to be the most promising. A test program was designed and conducted to further
validate the steel-concrete composite beam concept. The prototype beams incorporated special
reinforcing designed to confine the concrete slab and greatly enhance its ductility and ultimate
strength. The results of these tests verified that the design procedure accurately predicts the
response of the steel-confined concrete composite beam. The enhanced strength and ductility of
this concept will permit relatively light-weight beams to be constructed using conventional
concrete and steel materials, satisfying the desired objectives of this research program.
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B. CONCLUSIONS
* The simplfid iyfnamic design procedure developed herein was validated for use

in designing nfabricated roof elements to resist air blast induced shock loadings.

* A methcd was presented that can be used to predict the significant strength
enhancement achieved by using confining reinfo t for oncrete slab

elements.

0 Of the five con-epts studied, the stedl-eo m "m roof beam was found
to be the most efficient and effcive to meet the blast and shock requirements for
this program.

* The static test results (resistance function, load -deflection, and strain) of the four

prototype steel-composite concrete roof beams compared very favorably with

predictions made by the implified design procedure and finite element nalyses.

* The overall objectives of the study were met extremely well

C. RECOMMENDATIONS
* The simplifie4 design procedure should be used for the design of roof beams used

for the prefabricated protective shelter proposed by the Air Force.

* A user fliendly ccmpur program should be written to implement the design

procedure developWd and validated in this study.

* Details for attaching the roof beam to the earth-wall system of the concept shelter

need to be developed and verified.

* Consider the use of light-weight cross beams to span over the roof beam concept
recommended from this study to determine if savings in cost and weight can be

achieved.

* Design a full size shelter concept and subject it to a serics of weapon effects field

tests.

* Develop a family of design charts for various shelter configurations and threats.
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APPENDIX A - DESIGN PROCEDURE FORMULAS

A. REINFORCED CONCRETE

Refer to Figure A-1 ft r definition of symbols.

1. Flexural Resistance

Case I Commission Reirncement Yields:

cc = 0.85fc(abt - Ast)

Cs = Astfy

Ts = Asbfy

a Asbfy -Ast(fY - 0 "85fc

0.85febt

Check that: est = ecu(1 - E) _a E

Case 2: Compression Reinforcement Does Not Yield:

Cc = 0.85f'c(ab t - Ast)

Cs = Astfst

T Asbfy

a Ts -ecuEs A st (T -ecuEs A st )2 +4(0. 85fcbt)(cuEsAst 1dt)

2(0.85feb t )

Check that: Est = ecu(1 - Pldt) <
a Es

Moment capacity:

M = Cc (dtot - db - 2 ) + Cs(dtot - db - dt)
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2. Strn eas

a Moment of Inertia of Uncraked Section 1g:
Location of neutral axis from bottom of beam:

XA-y
ZA

-- ,T.A. y =ttbt(dtot __i) d(.+tb+ tb(t 2)+ (n_ I)Ast(dtdt) +(n_ 1)Asbdb

EA = ttbt + dwt w + tbbb + (n - IXAst + Asb)

Moment of Inertia Ig:

Ig =-~btt3 + 3+twd3)

+ b ttt (dtot - tt 2 + bbb Ib2 + twdw(tb +j 2

+ (n - 1)[Ast (dtot - dt) 2 +As b (Y-db)2 ]

b. Moment of Inertia of Cracked Section:

Case 1: Neutral Axis in Top FanIje:

Solve the quadratic c = - to find the distance "c" from the top of the beam to
2A

the neutral axis, where:

~A -b,t

2
B -(n - 1)Ast + nA

C ;-[(n-1)Astdt +nAsb(dtot-db)]

Check that "c" is less than bt, and if not, the cracked section neutral axis is in the

web and is solved for below.

Icr btc 3 + (n - l)Ast (c - dt )2 + nA sb (d tot - c - db )2

3
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Case 2" Neutrl AXIR in Web:
Solve the quadratic above with the terms defined by:

A ,tw
2

B btdt - ttw + (n - )Ast + nAsb

t2

C 2 - (bt -tw) + (n -1)Astdt +aAsb (dtot - db)]

t3

+ nAsb (dtot -c -db) + 3

c. Average Moment of Inertia and Stiffness:
1 g + cr

1avg =  2

Stiffness for a beam carrying a uniformly distributed load is:

K = 3 84 EcIavg

5L3
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B. PRESTRESSED CONCRETE
Refer to Figure A-2 for definition of symbols.

1. Flexural Resistance

Case I: -,Compt Reinfom nt Yields:

Cc = 0.85 f'c (abt - Ast)

Cs = Ast fy

Tsb=Asb fy

Tps = Aps fps

Asb fy + Aps fps - Ast(fy -0. 8 5 f c)

0.85 fCc bt

Checkthat: est=eEu( 5-t)> yc Y Es

Case 2: Compression Reinforcement Does Not Yield:

From summation of forces, and st = ecu a-[id:a

0. 85 f c bt a2 + (ecu Es Ast - Aps fy) a- ecu Es Ast 01 dt 0

Solve this quadratic for a and c = A *

Since fps is not known, the solution is obtained by trial and error, with fps defined for
270 ksi 7-wire stress-relieved low-relaxation strand:

ps=(dsp -c)
ps =' c 'Ecu

fps=28,00eps (ksi), when eps<O.008

fps = 268 - < 0. 9 8 fpu(ksi) when, eps >0.008

An estimate of fps is made which allows the calculation of the position of the
neutral axis for either Case I or Case 2. The strai, Ep an-d stress I is then calculated
and compared with the initial estimate, which is then refined if need be and the calculation

repeated until good agreement (<5%) is achieved.
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Moment capacity:

M = Ts(dtot-y2-dp)+Ts,(dtot-y2-db)-Cs(dt - 2 )

where Cs = Astfy es > ey
= Ast est Es , -st < zy

2. Stff kess

a. Moment of inertia of Uncracked Section1g

Location of Neutral Axis from Bottm:

SAy

2 2 2

+ (n - )Ast(dtog - )(n -l)Asbdb +(flps -)Apsdb
2

XA ttbt +dwtw +tbbb+(fl-IXAst +A 5 1 )+(np -l)A PS

Moment of Inertia I.:

9 1 (bttt + twdw3+ bbtb 3)
2

" bttt(d to,!Lbb b y wd ~ b - + w
2 2 2

+ (n-l)[Ast(dtt-y-dt)2 +A~,(y-db) 2

+ (npg-l)Ap,(y-dp) 2

b. Moment of Inertia of Cracked Section:

Solve the quadratic c = B2A to find the

distance "C" from the top of the beam to the neutral axis.
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CAs: btra~ii~pln

2

B (n -1)Ast + n(Asb + Aps)

C - [(ii-I)Astdt +f Asb(dtot-db)-npsApr(dtot-dp)]

Chieck that: c:5bt

bt3
l= L+(fl-1)Ast(c-dt)+lAst,(dtot -c-db)2

3

+ nprAps(dtot -c-d)

Case 2., Neutral Ais in Web-

2

B =tt (bt -tw) + (n -)Ast +l(Asb +Aps)

c 24t tw) + (n -1)Astdt

" nAsb,(dt0o -db)- np5Ap(dt0 - dp)]

S 3 12 2

" (n -1)Ast(c-dt)2+aAs, +(dtot -c-db) 2

" npsAps(dtocC-dp) 2

c. Average Moment of Inertia and Stiffness:

'avg = 2

K 3 8 4 Eclavg
K= 5L
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bt

+ t
A31.

Stt

dd 
fot

0 a/

d 0 0 0
c.g.A,

_cu 0.85 -Fc'
t Cc

-- .------ -- at a .
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-dsb<c d-" - ' - - . . . ..- ---- T-

--- -- -- -_ Tp arr
~Tsb

Figr A-2. Definition of Formula Symbols for Prestressed Concrete Concept
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C. STEEL - CONCREE COMPOSITE
Refer to Figure A-3 for definition of symbols.

L. Fleursi Resistanc:

Case NealW Aria in Wek:

CS = O.85f bst5
=t fnbttt

Cw= fyg2tw (c - t5 - tg)

Tw= fyg 2 tw (dtot -c- t&)

Tf= fygbtttttf

Summation of forces and solving for "c" gives:

d bjjtbj -biftif O.85fb.>(+
C =s4. t 2 4tw 4 fygtw - ~ttf)

M C(c--k)+Cff(c-z 5s .!)+CW( ct tff)
2 2 2

+ w(dtot -c- twf)+Tf(to
2 2

Case 2: Neutni Axis in Top Flange:

Cs = .85fc bsts

C .fygbff(c-ts)

Tf= fygbtff(ts + tff-c)

Tw= fyg2twdw

Tbf =fygbbf tw

Summation of forces and solving for sc" gives:

C= t5 + Y5+ twdw_ + bftbf O.t5f+btt
2 btf 2bff 2fygttf

150



M=2 2 2

22
IT c < t , the gder should be modified.

2I Stiffness:

a. Location of Neutral Axis from Top:

ZA y =(-: XtsX- )+bfttf(ts +a)+2twwt+ ttf+A-
n 2 2 2

+ bb b t tf+d a
2

A ~(bts+ bf tf+ 2twdw + bbftb

b. Monmnt of Inertia and Stiffness:

-L A(t3+bttf3+2twdw3+btbf3)

[2twdw (ts + tf +A ) f b t t dw + tb

2 2

K 384Esl
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D. MASS OF ROOF BEAMS AND OVERLYING SOIL

L Reinforced Concrete

Wbeam = [(btt t + twdw + bbtb)we + (Ast + Asb)Ws]L

2. Prestressed Concrete

Wbeam = [(bttt + twdw + bbtb)wc +(Ast + Asb + Aps)ws]L

3. Steel -Concrete Composite

iWbw m = [(bsts)Wc + (btf tt + 2twdw + bbftbf)ws]L

4. Overlying Soil

Wsoil = dSoilbbeaMLwsoij

5. Mass

Mss W b-msec

34.6 x 103
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E. DYNAMIC ANALYiSIS

1. Equivalent Mass and Net Resistance:

ME =Mass xKI

where:

K = for elastic response

= for plastic response

Rnet 8M - Wbem -Wsoi
L

where:

Rnet =net resistan~ce of beam (lb.)

=p moment capacity of beam (in-ib)

Wb== wcight of beam (Ib)

WSOU =weight of overlying soil (ib)

2. Equation of Motion

k C R

Rm --

t~
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Equation of Motion:

Elastic Range y<yel

MEY + cy + ky - F(t) = 0

Plastic Range Yel <y <ym

ME +c +Rm-F(t)=O

After ym has been reached (ym -2yel) < y < ym:

MEY + c, + Rm -k(ym - y)- F(t) = 0

Integration of the equation of motion can be performed using any well-known procedure,

such as the simple constant-velocity method:

y(s+1) = y(s) + ,avAt

'av = "y') + Y(s) +

At

To start the procedure, use the special equation:

_____2____ 2 (

=() - 2Y(O) + Y(1) At2
. 6

which must be solved iteratively because Y(1) depends on y(l).

3. Dy-.mi'.' Shear Force

a. kpproximate Method:

Elastic Range:

V(t) = 0.39R(t) + 0.1 F(t)

Plastic Range

V(t) = 0.3 8Rm +0.12F(t)
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b. Modal Analysis - Elastic Range Only

4xF..I n 2 L

where:
PI - magnitude of uniform load at time zero (lb/in)
E, I = modulus of elasticity and moment of inertia
m = mass per unit length Ob-m sec2/iAn)

i mode numbe z 1.3,5 ....
(on naurl frequency for mode n

DLF(t) = dynamic load factor corresponding to natural frequency cOn

Natural freqency 03n

Dynamic Load Factor DLFn

t < td:

DLFn = 1- cos(Wnt) + sin (Ont) - t
Ontd td

t>td:

DLFn = -- L-(sin(Ont) -sin on (t - td)) - cos (On t
COntd

The above calculations are performed for normal modes 1,3, and 5 for each time
step of the numerical integration procedure (even numbered modes do not contribute for
symmetric loading). The shear calculated by modal analysis is compared with the
dynamic reaction calculated from the approximate method, and the larger value is used

for designing the shear reinforcement.
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APPENDIX B - PROTOTYPE BEAM TEST DATA

Deflection Between Support & Load

7

6

5

3

I

-

0 50 100 150 200 250
Load (kips)

Figure B- I. Beam 10A Load Deflection Data Between Load and Support Points.

Deflection at Load Points

4.8

*,=,3.6

2.4

1.2 -

0
050 100 t50 200 250

Load (kips)

Figure B-2. Beam IOA Load Deflection Data at Load Point.
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Deflection at Mid Span

7

S4.2

S2.8

1.4

0
0 so100 

I5O 20025
Load (kips)25

Figure B-3. Be=m 0A Load Deflection Data at Midspan.

4000Level1

42000 . . . .

E2400 .. ...................

.51200 
ft--

0
0 2 

4 567
Displacement (in)

-age 1 0- Ga ar~ige 85 &- ca~i~ a-- -
Figure B-4. Beam 10A Strain Gage Dama for Level 1 Gages.



Level 2

10-

01

-2
0 1 2 3 4 5 67

Displacement

o4-age 2 G4-age 9 -4- Gage 16 -- Gage 2

Figure B3-5. Beam IOA Sain Gage Data for Level 2 Gages.

Level 3

-7
0 12 3 4 5 67

Displacement (in)

Figure B-6. Beam IOA Strain Gage Dama for Level 3 Gages.
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Level 4

3500

2000- -- - ----- -g 4 - -- G g -- - - Ga- 18 . a .ag .25 ...

V ~ ~ Fgr B50---------------7. .ea .O .ti Gag .r .o Lee 4 Ga......

20

0 1 2 3 4 5 6 7
Displacement (in)

-~-Gage 5- --- Gage 12 -- Gage 19 -a- Gage 26

Figure B-. Beam 1A Strin Gage Da for Level Gages.
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Level 6

01

...-. .......................

01 2 3 4 5 6 7
Displacement (in)

I' = Oage Gage 13 3 0 age 20 ae21

Figure B-9. Beam 10A Strain Gage Data for Level 6 Gages.

Level 7

01

-" 0 -7. ........ ....................

-2 .. . ...... .. .. . ... .. .. .. .. .. .. .. .. .. .. .. .. .

-50,,

0 2 3 4567
Displacement (in)

I Gage 7 - Ga-e 14 -Gap 2 1 -*-Gage2-

Figure B-10. Beam 10A Strain Gage Data for Level 7 Gages.
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Deflection Between Support & Load

3

2.5

2

1.5

0.5

0

0 so 100 150 200 250
Load (kips)

Figure B-Il. Beam lOB Load Deflection Dama Between Load and Support Points.

Deflection at Load Points

4-

03

0
0 50 100 150 200 250

Load (kips)

Figure B- 12. Beam IOA Load Deflection Data at Load Point.
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Deflection at Mid Span

5 -

0 so 100 150 200 250
Load (kips)

Figure B- 13. Beam 10A Load Deflecton Dam At Nfidspan.

Level 1
4000

2 :1600 - - • . . . . . . . . . - - - - - - -

800 .. . . . . . . . . .. . ..".

0 1 2 3 4 5 6
Displacement (in)

Gage I _-Oage ac1 ae2
Figure B-14. Bam A Srain Gage Data for Level I Gages.
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Level 2

15

0'
0 1 2 3 4 5

Displacement (in)

Figure B-15. Beam 10B Swrain Gage Dama for Level 2 Gages.

Level 3
S00

.500 III
0 1 2 3 4 5 6

Displacement (in)

-- Gage 3 - Gage 10 -.- Gage 17 --- Gage 24

Figure B-16. Beamn lOB Strain Gage Data for Level 3 Gages.
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Level 4

3000'

2 1200 ... .. .. .. .. .. .. . - --------------

0 i 2 3 4 56
Displacement (in)

-*4-Gage 4 -- -Gage 11 -- Gage 18 -&- Gage 25J

Figure B-17. Beam 10B Strain Gage Data for Level 4 Gages.

Level 5
0

-4

-16

-201 I ,

0 1 2 3 4 6
Displacement (in)

["- e75-GgZGag;: 12 -,- Gage 19 -*G age 261

Figure B-18. Beam lOB Strain Gage Data for Level 5 Gages.
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Level 6

1 1 1

Displacwnmcrn (in)

-- Gage 6 - Gage 13 -4a-' Gage 20 -a,- Gage 271

Figure B-19. Be=m IOB Strain Gage Data for Level 6 Gages.

Level 7

0166



Deflection Between Support & Load

5

4

0-

0 20 40 60 80 100 120
Load (kips)

Figure B-21. Beam 16A Load Deflection Dama Between Load and Support Points.

Deflection at Load Points

8

6.4-

~4. 8

~3.2

1.6

0 20 40 60 80 100 120
Load (kips)

Figure B-22. Beam 16A Load Defltection Data at Load Point.
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Deflection at Mid Span

10

2

0.

0 20 40 60 80 10012

Load (kips)
Figure B-23. Be=n 16A Load Deflection Damn at Midspan.

Level 1

31000
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Level 2
25

0 4 1 1 10

Displacement (in)

-~-Gage 2 --- Gage 9 --- Gage 16 -i-Gage 23

Figure B-25. Beam 16A Strain Gage Damn for Level 2 Gages.

Level 3
400

.4

0 2 4 6 8 10
D)isplacement (in)

I-(Gage 3 -Gage 10---Gage 17-inGage 241

Figure B-26. Beam 16A Swrain Gage Damn for Level 3 Gages.
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Level 4
2000

1600 ............................ ...............

1200 -- - - -- - - - -- - - - - - - - - . ........-

IsI

0 2 4 6 9 10
Displacement (in)

- Gage 4 -- Gage 11 --- Gage 18 -- Gage 251

Figure B-27. Beam 16A Strain Gage Data for Level 4 Gages.

Level 5
0

-4 .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .

- - - - - - - - - - - - - -. . . . . . . . . .... . . ,. . .

M C-

1.. ..................... ...... .. -----

*20
0 4 6 10

Displacement (in)

-IGage5 ..- Gage 12 - Gage 19 -- Gage26

Figure B-28. Bean 16A Strain Gage Data for Level 5 Gages.
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Level 6

-30-
0 2 4 6 S 10

Displacement (in)

• Gage 6--'€-Gg 13 --- Gg 20 -&,,- Oage 27

Figure B-29. Beam 16A Strain Gage Dam for Levcl 6 Gages.

Level 7
0 3

' '. ................ ...

-24 -- - - - - -- - - - - . .. . . . . . ..

-30 '

0 2 4 6 8 10
Displacment (in;

jvGage 7 - Gage 14 -..-- Gage 21 ,- Gage 28j

Figure B-30. Beam 16A Strain Gage Dam for Level 7 Gages.
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Deflection Between Support & Load

6

4-

-

0-

-20 0 20 40 60 so 100 120 140
Load (kips)

Figure B-31. Beami 16B Load Deflection Damn Between Load and Support Points.

Deflection at Load Points

3.2I __

1.6

.........
-20 0 20 40 60 80 100 120 140

Load (kips)

Fig=r B-32. Bein 16A Load Deflction Data at Load Point.
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Deflection at Mid Span

0 4

-20 0 20 40 60 80 100 120 140
Load (kips)

Figure B-33. Beam 16A Load Deflection Data at Midspan.

Level 2
25-

5 4 4--- - - ---10-12 --- 4

Displacement (ii)

[ Gae 2 Gge 9 -9- Gate 16 -u-- ae27

Figure B3-34. Beam 16B Strain Gage, Data for Level 2 Gages.
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Level 3

40. ...... ---...............

-- -- -ag 3 -- Gag 10 -- G-g 1 -- Ga 24 ----

-2000

0 2 4 6 8 10 12 14
Displacement (in)

.*Gage43 - Oage 10 -0- Gage 18 -*- Gage 2

Figure B-35- Bem 16B Strain Gage Da for Level Gages.
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Level 5
04

-- -- -- -

0 2 4 6 8 10 12 14
Displacement (in)

-aGage 5 --- Gage 12---Gage 19 -*--Gage 26---Gage 1

Figure B-37. Beam 16B Saain Gage Dama for Level 5 Gages.

Level 5.5

0 1 
41 

0 21

Displacement (in)

Figure B-38. Bearn 16B Strain Gage Dama for Level 5.5 Gage.
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Level 6

301 2 41 ai 1 14

Displacement (in)

FRem B-39. Beam 16B Strum Gage Data for Level 6 Gages.

Level 7

0

-~-G-e -'Gage 14 -- C3age 21 -- Gage 28 -- Gage 22

Figure B-40. Beam 16B Swrain Gage Dama for Level 7 Gages.
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